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FOREWORD

The 1980 ANS/ENS Thermal Reacuor Safety Meeting occurred at the
time of a major reassessment of reactor safety as a consequence of the
Three Mile Island Accident. As stated by Dr. Alvin Weinberg in his
brilliant speech closing the meeting, because of modern instant
communications, an accident anywhere is an accident everywhere. Thus
it is appropriate that safety issues were discussed in the international
forum provided by this meeting, thanks to the extensive European
participation.

TMI has forced a reevaluation of reactor safety in which the trend
is away from the legalistic compliance with rather arbitrary regulatory
requirements based on the large loss of coolant accident toward more
rigorous assessment of a wider range of more realistic accidents.
Fortunately this conference occurred at an ideal time to provide a
platform for discussion of many new areas such as risk assessment, human
factors, diagnostics, and Class 9 accidents.

We are gratified by the tremendous response from the technical
community to our call for papers; although the program was expanded to
four parallel sessions we were unable to accept a large number of fine
papers.

We are particularly indebted to the members of the technical
program committee. They gave us guidance on invited speakers and on areas
in which papers should be stimulated, and participated in the grueling
paper summary review. We should point out that, consistent with the
practice of recent ANS topical safety meetings, 1000-word summaries were
reviewed; the authors were requested to provide camera-ready copies of the
full papers at the time of the meeting. We feel that this approach, which
places trust in the professional responsibility of the author, provides
in^irmation in a much more timely manner than could be possible under a
system of complete review.

We not only wish to thank the authors, but also the projectionists
supplied by the University of Tennessee's Nuclear Engineering Department,
the organizing and executive committees, the Hyatt Regency Hotel, for
their excellent facilities and assistance, and Mrs. Norma Callaham of
the ORNL Conference Office for her very capable assistance. Finally we j
wish to thank the Session Chairmen for their contributions to this meeting. t

M. H. Fontana (ORNL) \

j

D. R. Patterson (TVA) !
Technical Program Co-Chairmen
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PREFACE

The 1980 ANS/ENS Thermal Reactor Safety Meeting was the fourth in a
series which includes the 1973 meeting in Salt Lake City, the 1977 meeting
in Sun Valley, and the 1978 meeting in Brussels. The 1978 Brussels
meeting, as well as the present one, was Jointly sponsored by both the
American Nuclear Society (ANS) and the E' ropean Nuclear Society (ENS).
Given the obvious international interest in these last two meetings, 1
would hope that ANS and ENS will continue to cooperate in sponsoring these
meetings.

It is interesting to reflect on these meetings and the predominant
theme of each. The Salt Lake City Meeting followed the Emergency Core
Cooling Systems' hearings in the U. S. and were dominated by plans for ECCS
research. The Sun Valley Meeting was notable for the volume of research
results on design basis accidents, the increasing interest in probabilistic
risk analysis (WASH-1400) had been issued in 1975, and for the extent of
foreign participation. The interest which resulted in the participation
was in part responsible for the joint ANS/ENS meeting in Brussels in the
fall of 1978. This meeting provided the opportunity for the presentation
of European research and development and also reflected the commitment of
many European nations to nuclear power development. The present meeting
is - not surprisingly - dominated by the repercussions of the March 28,
1979, accident at Three Mile Island-2. This dominance is reflected in
research on both sides of the Atlantic Ocean, as well as in an effective
defacto licensing moratorium in many countries with the notable exception
of France. The 1980 meeting also evidenced increasing interest in risk
assessment and, in particular, comparative risk assessment.

In this person's experience, the TMI accident has brought about no
philosophical defections among those in the nuclear community who have a
comprehensive understanding of risk. There has, however, certainly been
an increased perception of the need for handling the more probable nuclear
accidents (as opposed to the design basis accident) - as well as. a
recognized need for improved public education and better public
communications. With respect to the public, the media can play an important
role and I would hope that they would use their power wisely. We have - in
this country and elsewhere - too many short-term solutions for long-term
problems.

This meeting owes whatever success it may have achieved, to many
persons who unselfishly gave of i_heir time, efforts, and talents. In
addition to the members of the program committee, I would like to express
my sincere appreciation to the several sponsors and to the various chair-
persons who comprised the planning committee. Special thanks are due to
Jan B. van Erp of Argonne and Dieter Bilnemann of the Institut fur Physik
(Geestacht) who together combined to make the ENS participation most meaningful.
The contribution of the Technology for Energy Corporation of Knoxville,
Tennessee, in sponsoring the opening reception is gratefully acknowledged.

Wm. B. Cottrell
General Chairman
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Assistant Director

South Carolina Energy Research Institute

As a result of media-generated fallout from TMI, we have entered a
new phase in the rancorous dispute over nuclear technology - that of
obituary and epitaph writing.

Ostensibly, nuclear technology has been placed on trial and stands
virtually convicted of being "a criminally conceived monster," an immoral
technology from which T?C must be liberated by our moral guardians in the
anti-nuclear movement.

I do not deny that nuclear technology is on trial. But I would like
to explore a different interpretation of the events of that past ten years,
that is since a generation of professional protectors discovered and
espoused the anti-nuclear cause.

Permit me to suggest that what is actually, more fundamentally, on trial
is not merely the future of a specific technology, but the future of
democratic institutions as they have evolved in the "great American
experiment."

History attests that democracies are born carrying their own seeds of
destruction. A general failure of citizens in the United States to comprehend
the origin and widening dimensions of the political conflict over energy
policy foreshadows a period of serious reckoning.

I have no illusions that ethics is going to dictate an energy policy.
It will not be an ethical choice. Energy policy will be a political choice.
Since that is the case, let us not succumb to a political pitfall. It
would be a tragedy - both for out political system and our national welfare -
if the anti-nuclear movement is allowed to capture a plank in the platform of
the Democratic party that would turn the political decision about a nuclear
energy future into a Democratic vs Republican party victory. Nuclear energy
is a political issue - about what is best for our country and the world -
not a partisan issue - about what is likely to get votes for candidates for
one party rather than another.

CURRENT CULTURAL CONTEXT

With the advent of "the energy crisis" and predictable public skepticism - l

plus a highly developed state of the art in measuring public risk perceptions I
about the disputed "safety" of various energy technologies - a new stage in
the political arena has been set for a stirring psycho-drama aptly entitled,
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"'Jhe Horal Equivalent of War." It has yet to be made clear whether the
intent behind this descriptive phrase was to justify calling a state of
affairs equivalent to "war" or whether it was intended to justify war-like
energy strategies as "moral." In either case, several leading actors in our
current psychodrama appear to regard the political struggle over energy
technologies not simply as a matter of minimizing herns and maximizing
benefits to individuals and groups, but rather as a matter of survival or
extinction for our only habitable planet, Spaceship Earth.

Indeed, public perception has been so shaped by prophets of
environmental doon that both coal combustion and uranium fission technologies
are now generally believed capable of having catastrophic consequences for our
biosphere. This perception has transformed the public debate over energy
policy from technical arguments about cost-effective methods for maximizing
energy resource development, distribution and use, to aoral and ethical
assertions bout the moral necessity of conserving limited resources, the
social inequities of energy distribution, the itmaoral materialism embodied in
Western uses of existing energy, and the abuses to which technology is put
by concentrations of corporate power.

The difficulties of dealing constructively with public perception, and
resolving conflicts about energy policy, are compounded by the widening gap
between two different universes of discourse. On the one hand scientists and
engineers are trained to function within a universe of discourse dictated by
the physical nature and limits of things. The risks of public safety which they
perceive and try to minimize are derived from considering actually achievable
technical options.

On the other hand, the philosopher or humanist or social reformer is
accustomed to a, universe of discourse dictated by a philosophical vision of
how things ought to be - quite apart from, even in spite of, the physical
nature of technological possibilities and constraints. This vision leads
to a negative perception of seemingly uncontrollable risks from powerful,
complex energy systems which appear to take on a life of their own as they
give aid and comfort to what many regard as man's myopic rape of the earth.

To characterize either level of discourse and perception of risk as
"subjective" versus "objective" or "imagined" versus "real" is neither accurate
nor constructive. A continued use of these terms, or any type of put-down of
one party or other in the debate, only servers to divert us from getting down
to the moral seriousness of the problem of bringing an acceptable energy future
into existence.

We should realize that we are dealing with a new kind of technosocial problem,
one which requires a new quality of intellectual analysis and institutionalized
processes of dealing with it. In order to deal constructively with public
confusion and anxieties, as well as the politics of managing energy risks, we
must become morally serious about responding to at least three ethical
priorities.



-4-

FIRST ETHICAL PRIORITY

A firut ethical priority is that the moral objections to certain energy
sources and systems be made explicit, publicly debated, and resolved with
some autoritative closure. (N. B. I use the word authoritative, not
authoritarian.)

To do this, we need to be equally explicit about the goal which moral
considerations are expected to achieve. Genuine moral discourse is not a
vehicle for "taking sides" and staking out claims to moral superiority. Moral
considerations would enable us to develop unifying, conceptually satisfying,
authoritative principles.

In the case before us, energy policy, people take opposing positions on
the moral preferability of one rather than another publif. policy on energy
sources. Despite their differences, various parties to the energy controversy
are tacitly in agreement on these statements of purpose:

1. A policy for conservation of energy - especially of petroleum
imported from OPEC - is a moral obligation.

2. A policy causing energy shortages that would have tragic effects on
human health, living standards of the poors employment, and our
national security is morally unacceptable.

3. An energy policy should be designed not only to serve the basic
needs of the most vulnerable persons in our society, but also
to Inflict the least harm on people and their environment.

4. An energy policy must protect democratic values of individual
freedom, social justice and equity, and preserve their institutional
embodiments.

However much they may agree on these statements of purpose, leading
parties to the energy debate are strongly opposed on the specific policy that
can and will fulfill these purposes. As a consequence, there is small wonder
that the citizens of this nation are confused and bewildered when they hear
conflicting moral claims for or against a particular energy policy.

On the one hand, the American people are being told by the National
Council of Churches, the President's Council on Environmental Quality, and
Friends of the Earth, the Energy Project at the Harvard Business School, and
other groups that our energy policy should be to phase out any dependence on
sources that are branded as dangerous or immoral, on grounds that unacceptable
risks to people and the biosphere are being involuntarily imposed on unconsulted
present and future generations by radiation hazards from nuclear reactors,
by air pollution from coal plants,by massive hydro-electric dams and LNG
facilities. We should make up for any shortages by substituting a strategy
of conservation and rapid deve." jpment of solar energy, biofuels, geothermal,
and other "soft" technologies. With such a policy, we cannot only be protected
against physical and pyschic harm but also bring about greater advances in
social justice.
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On the other hand, the American people are being told by the National
Academy of Sciences, the National Association for the Advancement of
Colored People, Resources for the Future, and various other groups that it
should be our national energy policy not only to pursue vigorous conservation,
drastic reduction of imported petroleum and phasing in of solar energy in its
various forms; but we should also continue developing coal conversion into
electricity, into coke for steel and for synfuels, as well as all forms of
nuclear fission Including reprocessing and breeder reactors. The risks from
coal combustion and uranium fission should be morally acceptable because they
are far less than those imposed by alternative technologies, including hydro,
solar, geothermal, etc., and give far more reliable protection against the
tragedy which energy shortages will inflict on masses of poor people. Only
this policy will prevent personal and social harm and provide for rising expect-
ations of social justice.

There are serious discrepancies in these two sets of conflicting
recommendations about energy policy. To the extent that they are genuinely
antithetical and mutually exclusive, they cannot both be enacted by authoritative
institutions.

Some consensus must be reached if the citizens of a democratic society
are to express their moral responsibility for present and future generations.
To that end, we must, expect and demand that our elected leaders in Congress
develop energy policy on the basis of principle, rather than on political
gamesmanship based on capitulations of vacillating public opinion.

Permit me to suggest that the following bioethical principles might best
serve policy makers as a method for organizing scientific evidence for sorting
out competing moral claims, and to distinguish expression of idealism and hope
about an energy future from actual constraints imposed by technological
possibilities and institutional realities. I propose these, not in a spirit
of advocacy, but in the interest of seeking discussion, refinement and
consensus.

Bioethical Principles for Energy Policy

1. Public policy should develop those energy technologies that
can be scientifically demonstrated to maximize the number of
persons on this globe who experience minima] basic harm. By
basic harm is meant - deprivation of basic jods necessary for
material wellbeing for all living human beings as a fundamental
condition for protecting the welfare of future generations
(nourishing food, shelter, clothing, health, jobs, self-
determined life style).

2. Social justice and equity require an equitable management of
sources of basic harm. An "equitable management" is that which is
proportional to actual, identifiable basic harm that can be reduced
by human effort, time and money.
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To Implement this principle we would have to evaluate (a) the entire
spectrum of both natural and man-induced biohazards from energy alternatives;
(b) mike cost-comparisons of the available methods for per capita reduction
of these various hazards, giving priority consideration to those that are
certain in contrast to probable and merely possible; and (c) only then
make policies and set standards that will get the most public health protection
for the most people out of a finite amount of

If we are going to be morally responsible in decision making this method
of evaluation gives optimal expression to the reverence for human life which
we all charish.

3. Public policy should exercise wise stewardship in two ways:
(a) by giving priority development to energy-only resources -
i.e., uranium, thorium, deuterium - as to preserve for future
generations the basic goods derived from precious hydrocarbons
(medicines, fertilizers, and pesticides for increased food
production, petrochemicals, etc.) which have no known or feasible
substitutes; (b) by developing sources with net energy increments,
so as to optimize their social utility, yet justifying energy
conversion processes with net energy deficits when demonstrated that
they yield greater accessibility and versatility for meetiiig basic
needs that cannot otherwise be met.

It is morally irresponsible and ethically unjustifiable to single out for
exclusive attention one or two energy sources - uranium or coal - as the
embodiment of moral disvalue simply because they are accused of causing
biological shortening of life. Bioethics require a scientific consideration
of the entire spectrum of biohazards from all candidate energy sources, as
well as from toxic chemicals and minerals in nature and industrial processes,
before making public policy.

The first ethical priority is for the public to reach a consensus (not
on nuclear energy) but on ethical and moral principles through which scientific
evidence should be filtered. We have a right to demand that the representatives
we elect for democratic decision-making should be governed by principles with
which to transform evidence from scientific experts into public policy.

The need for ethical principles in energy policy-making leads to the
question of the adequacy of our present democratic institutions which
purportedly protect public health and safety.

SECOND ETHICAL PRIORITY

A second priority emerges from the unwarranted stigmatization of nuclear
risks and radiation hazards. Our rancorous dispute over nuclear technology
appears to have resulted from two institutional deficiencies:

1. The manner in which some scientific experts have been included
and others excluded in the bureaucratic regulatory and standard-

• setting process; |



2. The unfortunate fact that each regulatory agency both sets
standards and enforces them By a process which is vulnerable
to arbitrary revision and limitless litigation as career
intervenors use the system for ulterior purposes.

Because the common good has become seriously jeopardized by legislative
ambiguities (e.g., the Delaney amendment) and their interpretations by self-
serving regulatory agencies, it has become an urgent ethical priority that
the regulatory-agency system be radically restructured by a more enlightened
legislative mandate.

As presently functioning, our regulatory agency system has been so
chartered and mandated as to be compartmentalized, fragmented, and virtually
unaccountable to any comprehensive guardian of the general welfare. Scientific
risk-assessments, economic cost-benefit ratios and potential hazard management
are forced to be piecemeal, ad hoc, haphazard, isolated for one-at-a-time
consideration. Each regulatory agency operates in such a way that one kind of
hazard is spotlighted for a time (because it is the current product of research
projects), giving way to another in unending succession: DDT, lead, cyclamates,
the Pill, red dye #2, PCB's and PVC's, triss, and now saccharin. Having
completed a decade of concern about the "carcinogen of the week," we are
entering a political climate that will doubtless force a decade of public
concern over the "low-level radiation source of the week."

Each regulatory agency has its own category of so-called hazards on
which to conduct research, at the same time making a case for more federal
funds to do more research in further risk-reduction of units of hazards. Not
only does this peicemeal, selective concentration magnify certain potential
hazards at the data-gathering and risk assessment levels, but the public is
misled into perceiving that, just because some risks are the more studied,
they are by that very fact the more dangerous to public health and safety.
Not only is this not the case, but by capitulating to the policy of appeasement
only exacerbates public fears. For example, some nuclear proponents insist
upon throwing more monev and time and study into getting minor reductions
in the mere probability of nuclear accident's as if that reduction were, actually
achieving a net increment in public safety. This insistence only signals
the public that indeed there must be a huge hazard. A policy of appeasement
siphons attention away from much more harmful hazards, and with that distraction,
makes it less likely that much more effective reductions in threats to public
safety will be given priority in budgetary allocations.

The public needs to be confronted with a whole new perspective on
possible threats to health and safety. The average citizen needs to know,
with the most comprehensive overview,

1. How much tax-payer's money is being spent to reduce ordinary
diseases and ordinary accidents which cause premature deaths
to large numbers of the population;
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2. The cost per capita that Congress is spending to reduce them;

3. Then how much ought to be spent to reduce them effectively;
and

4. Precisely at what point huge amounts of money are pouring into
budgets that can deliver only miniscule gains in the status of
public health - if any at all.

We have a surfeit of statistics on public health, but that data is not
arranged by any responsible public institution so as to look at basic harms
to the entire population relatively, to make comparisons, to maximize cost-
effectiveness so as to get the most public health protection for the many out
of the expenditure of a finite amount of money.

Instead of appeasing American citizens as if we were children - and
then multiplying regulators and regulations in the advanced stages of
Social Parkinsonianism, our regulatory-agency system must be profoundly altered.
Its deficiencies must be treated with moral seriousness so as to assure that
regulative standards for protecting health and safety actually consider the
common good of the many, and to assure that finite amounts of public money
are allocated in a just and equitable manner.

The time is long overdue for the institution of a separate cabinet level
Department of Health and Safety. It should fall to this department's
jurisdiction to make a comprehensive review of cost-effective health and
safety standards. It should be required to make social impact studies as a
justification for budgetary allocations. From an ethical perspective, the
Congress should have chartered and mandated this department to consolidate
and govern the following regulatory agencies: Environmental Protection Agency,
Nuclear Regulatory Commission, Federal Drug Administration, Occupational
Health and Safety Administration, Federal Aviation Administration, Public Health
Service, Department of Transportation, and any other agency currently engaged
in setting standards and regulating conditions affecting public health and
safety. The Department of Health and Safety should not be conceived as
still another bureaucratic level or agency, but rather the contrary - a
consolidating, streamlining, efficiency-centered governing organ to which
regulatory agencies are answerable and accountable.

If properly mandated, this department could eliminate major jurisdictional
disputes, duplicative standards, piecemeal regulations which obstruct justice
and equity in protecting the quality of our common life. Moreover, if
properly chartered, this department would be set up to institutionalize a
more enlightened process of developing regulatory standards. Optimally, it
should fall to professionals in the sciences and engineering to set evolving
standards for health and safety according to strict procedures of peer review.
This could remedy an unhealthy situation in vhich a regulating agency Tooth
sets its standards and then enforces them with a self-serving goal.
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An alternative, proven model has been successfully operating over fifty
years - ASTM's Voluntary Consensus System of professionally established
standards. If this model were adopted, the enforcing agencies would not be the
arbiters of conflicts among competing experts in any given profession. The
professions themselves by their own peer review would be responsible to
adjudicate conflicting judgments about scientific or engineering matters.
Policy-making and standard-setting could thus be derived from the best
scientific judgment available at any given time. Haphazard or arbitrary
revisions could be avoided.

THIRD ETHICAL PRIORITY

The Department of Health and Safety might also be the proper governmental
arm for institutionalizing a method of dealing with a third ethical priority,
namely, the resolution of newly emerging technosocial issues by some
authoritative closure for policy-making (beyond standard-setting) with respect
to public health and safety. Current public, disputes over fetal research,
recombinant DNA research, and nuclear technology should be evidence enough
that there is an urgent imperative to devise a new kind of social institution
for establishing public policy and guidelines to govern increasingly
controverted technological innovations.

Technosocial issues; are of such a nature that they are seeking
a policy-making end-product, and traditional democratic institutions are no
longer adequate to that task. Heretofore, policy has been set by the courts,
reacting to individual cases, and decided by judicial fiat. Public policy has
also been set by legislatures whose members are responsive to a constituency
with vested interest, and policy is decided by political tradeoffs.

A new phenomenon in the sphere of public-policy-making emerged in the
aftermath of an outcry about fetal research at the National Institute of Health.
In 1974, a National Commission for the Protection of Human Subjects was
convened for the purpose of fact-finding and policy formation. Constituted
as a public commission, its members represented diverse backgrounds,
competencies, and convictions in various disciplines - law, medicine, various
sciences, ethics. It conducted public discussion, deliberated openly and
candidly, heard from each representative of public responsibility. This
commission may well offer a precedent that could be emulated, amended with a
broader objective in mind, and institutionalized for the purposes of policy-
making in the Department of Health and Safety.

The application of a Science Court concept has many positive uses, yet its
role in policy-making seems to have serious drawbacks. According to its
originator, Arthur Kantrowitz, the intent is to adjudicate and judge the
preponderance of scientific fact on any given issue so as to settle a fac'-^l
dispute. But the term suggests that a legal adversarial model would dom tate
the procedure. In practice, this model substitutes courtroom rhetoric, innuendo,
dramatic overstatement, and pre-structured questioning which seeks "an optimum
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resolution of conflict" profitable to a victor, rather than an established
procedure which seeks the preponderance of scientific truth as a foundation for
wise policy. Granted that courtroom adversary models are an appropriate
method for adjudicating disputes over rights between individuals and groups,
they fail miserably to provide a method for making enlightened policy about
technological innovations.

If we are to deal constructively with public misperceptions and rising
expectations about safety - and if we are to avoid becoming a nation
of hypochondriacs - we would do well to ponder Max Singer's observations:

Safety is one of the reasons it is better to be wealthy than poor.
But as we get wealthier and safer, we become more concerned about
safety — like most social problems, the death tool from hazards
requires a complex, balanced and limited response. We cannot give
ourselves up to eliminating or even reducing hazards. As individuals
and a society we must not become cowardly, fearful or hypochondriacal.
The weakening of our character can do us more harm than all the auto
accidents and all the fires.

In conclusion, I would invite you to consider a thought-provoking analogy
proposed by Dr. Krafft Ehricke. It offers us an entirely new horizon
for a re-interpretation of growing concerns about our environmental quality.

He asks us to consider an embryo in the womb as it grows larger and
larger and enters the seventh month. Assuming an incipient intelligence,
the embryo becomes increasingly sensitive to its environment - its source of
nourishment, blood supply, oxygen, quantity of wastes to be disposed of. When
it extrapolates into the eighth month, into the ninth month, and then into
the tenth mon'rh, it is seized with panic at the prospect of destroying its
only habitable environment.

What the embryo fails to realize, however, is that the natural pressure
of events will - at the end of the ninth month - bring about a profound change
in its "frame of reference." Whereas in the womb, the embryo lives parasitically
off its environment, with birth it rapidly develops its own metabolism - as
well as an entirely new mode of sutenance and supply of natural resources.

What Dr. Ehricke has in view, of course, is the prospect of human
exploration and development of the vast resources of Space.

Clearly, tlio analogy has inherent dissimilarities, with the present state
of humankind as we become sensitive to our environment at the end of the
Twentieth Century. Yet, it is just as clear that we may indeed now be
standing at the threshold of a New Frontier through which our present limits
will be transformed into passages for a new universe inviting expansion and
greater maturity.
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THE PROSPECTS FOR NUCLEAR POWER IN TVA

S. DAVID FREEMAN

TENNESSEE VALLEY AUTHORITY

KNOXVILLE, TENNESSEE

W I T H I N THE PAST FEW EAYS/ WE HAVE OBSERVED THE F I R S T

ANNIVERSARY OF THE MALFUNCTION THAT SHOOK THE NUCLEAR WORLD.

MANY BELIEVED THAT THE MARCH 1979 ACCIDENT AT THREE

M I L E ISLAND MIGHT BE THE DEATH KNELL FOR NUCLEAR POWER I N

THIS COUNTRY. MY OWN VIEW IS THAT THREE MlLE ISLAND MAY

SAVE THE NUCLEAR OPTION.

AT TVA, AND HOPEFULLY THROUGHOUT THE NUCLEAR INDUSTRY/

BLIND FAITH IS BEING REPLACED WITH A HARD"NOSED REALISTIC

DEDICATION TO SAFETY"FIRST.

THERE ARE SEVERAL ENCOURAGING SIGNS:

— THE NUCLEAR INDUSTRY IS FINALLY TAKING A MORE

REALISTIC PUBLIC STANCE ON THE HAZARDS OF NUCLEAR POWER,

INSTEAD OF GIVING BLAND ASSURANCES THAT ACCIDENTS CAN'T

HAPPEN/ THE INDUSTRY IS ACKNOWLEDGING THE POTENTIAL HAZARDS

AND TELLING THE PUBLIC HOW THE RISK IS MINIMIZED. THESE

RISKS ARE BEING COMPARED WITH THE RISKS OF ALTERNATIVES.

THE RESULTING PUBLIC DEBATE OVER THE RELATIVE RISKS OF ALL

FORMS OF ENERGY FOR A FRUGAL ENERGY ECONOMY WILL BE VERY

HEALTHY FOR THIS COUNTRY.

— UTILITIES ARE PUTTING THE LESSONS OF THREE MILE

ISLAND TO WORK IN THEIR DAY-TO-DAY OPERATIONS. THE RECENT

INCIDENT AT THE CRYSTAL RLVER NUCLEAR PLANT IN FLORIDA SHOWS
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THAT OPERATORS ARE BETTER EQUIPPED TO HANDLE EMERGENCIES

BECAUSE OF WHAT THEY LEARNED FROM THREE MlLE ISLAND,

-- EMERGENCY PLANNING IS GETTING THE CAREFUL ATTENTION

IT DESERVES. LAST FALL/ TVA CONDUCTED WHAT IS PROBABLY THE

MOST EXTENSIVE EMERGENCY DRILL EVER STAGED IN THIS COUNTRY

AS PART OF THE PREPARATIONS FOR LICENSING OUR SEQUOYAH

NUCLEAR PLANT. THE SUBJECT OF EVACUATION PLANNING IS NO

LONGER CONSIDERED TOO DISCONCERTING FOR PUBLIC DISCUSSION.

EMERGENCY PLANS HAVE BEEN STRENGTHENED AND A HEALTHY DIALOG

HAS DEVELOPED.

SHORTLY AFTER THE THREE MILE ISLAND ACCIDENT, THE TVA

BOARD DIRECTED A TOP-TO-BOTTOM REVIEW OF OUR ENTIRE NUCLEAR

PROGRAM. A TASK FORCE OF TOP TVA STAFF MEMBERS RECOMMENDED

EXTENSIVE IMPROVEMENTS IN OUR NUCLEAR SAFETY PROGRAM/ AND

THOSE IMPROVEMENTS WERE ADOPTED BY THE BOARD OF DIRECTORS.

MANY OF THOSE CHANGES HAVE ALREADY BEEN MADE, AND OTHERS ARE

BEING IMPLEMENTED AS QUICK'.Y AS POSSIBLE.

IN SUMMARY, OUR SAFETY IMPROVEMENTS INCLUDED:

— CREATION OF AN INDEPENDENT NUCLEAR SAFETY REVIEW

STAFF SEPARATE FROM OUR POWER AND CONSTRUCTION ORGANIZATIONS

TO ADVISE THE TVA BOARD ON SAFETY MATTERS.

— MORE STRINGENT REQUIREMENTS FOR TRAINING NUCLEAR

PLANT OPERATORS, USING SOPHISTICATED, COMPUTERIZED CONTROL

ROOM SIMULATORS AT OUR TRAINING CENTER NEAR CHATTANOOGA TO

GIVE OPERATORS HANDS-ON, "BATTLEFIELD" EXPERIENCE.
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— IMPROVED EMERGENCY PLANNING, INCLUDING EXPANDING

EVACUATION PLANS TO ENCOMPASS A 10-MILE RADIUS FROM EACH

PLANT INSTEAD OF THE FORMER 3" TO 7-MILE RADIUS,

— LOWER ALLOWABLE OCCUPATIONAL RADIATION EXPOSURE FOR

TVA EMPLOYEES.

— NUMEROUS DESIGN CHANGES TO PROVIDE OPERATORS WITH

MORE ACCURATE INFORMATION AND BETTER CONTROL AS A RESUL T OF

LESSONS LEARNED AT TMI,

THE TASK FORCE MET AGAIN LAST FALL AND PUT TOGETHER A

REPORT THAT EXAMINED TVA's NUCLEAR PROGRAM IN LIGHT OF THE

KEMF v COMMISSION'S FINDINGS. AND, OF COURSE, WE WORKED

CLOSELY WITH THE NRC TO ASSURE THAT SEQUOYAH MET ALL THE

LICENSING REQUIREMENTS.

ON FEBRUARY 28 THE NUCLEAR REGULATORY COMMISSION GRANTED

TVA A LICENSE TO LOAD FUEL AT SEQUOYAH. THE NRC DECISION TO

END ITS PAUSE IN LICENSING WAS AN ACT OF FAITH THAT PUTS AN

ENORMOUS RESPONSIBILITY ON TVA.

WE ASKED FOR THE LICENSE BECAUSE WE BELIEVED WE ARE

READY TO OPERATE SEQUOYAH WITH VERY LOW RISKS.

SEQUOYAH BROKE THE LICENSING LOGJAM, AND THERE ARE

INDICATIONS THAT OTHER PLANTS MIGHT SOON RECEIVE SIMILAR

LICENSES. WE ARE ALSO MINDFUL THAT WE ARE LIMITED TO FIVE

PERCENT POWER FOR NOW AND THAT WE MUST WITHSTAND EVEN GREATER

SCRUTINY BEFORE WE CAN OBTAIN A FULL~POWER COMMERCIAL LICENSE

FOR SEQUOYAH. WE ARE AWARE THAT THE WORLD IS WATCHING TVA

TO SEE HOW WELL WE HANDLE THAT RESPONSIBILITY.
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THE GRANTING OF A LIMITED LICENSE FOR SEQUOYAH MARKS .

THE BEGINNING OF "PART TWO" OF THE POST-TMI PERIOD. DURING

"PART ONE/" THE INDUSTRY ASSESSED THE DAMAGE AND BEGAN TO

IMPLEMENT THE LESSONS LEARNED. ! NOW WE HAVE TO SHOW THAT OUR

IMPROVEMENTS WILL WOiSK/ AND THE ;ONLY WAY TO DO THAT IS BY

ESTABLISHING A RECORD OF SAFE ANP EFFICIENT OPERATION.

TVA TAKES THE PROBLEMS OF NUCLEAR SAFETY SERIOUSLY, WE

ALSO TAKE THE HEALTH AND SAFETY PROBLEMS OF BURNING COAL

SERIOUSLY. I MIGHT ADD THAT BASED ON MORE THAN A DECADE OF

WORK IN THESE MATTERS/ I DEFY ANYONE TO PROVE CONCLUSIVELY

THAT THE HEALTH AND SAFETY AND ENVIRONMENTAL DANGERS OF

BURNING COAL ARE ANY LESS THAN FROM NUCLEAR POWER. THE

PROBLEMS A»P DIFFERENT/ BUT NO ONE KNOWS FOR SURE WHICH

POSES THE GREATER DANGER,

AT TVA WE HAVE MADE STRONG COMMITMENTS TO MAJOR PROGRAMS

TO ACHIEVE CONSERVATION/ THE ONE OPTION THAT WE KNOW IS

SUPERIOR. WE ARE ALSO LAUNCHING SEVERAL PROGRAMS TO PUT

SOLAR TECHNOLOGY TO WORK AND TO ENCOURAGE FURTHER DEVELOPMENT

OF THIS OPTION IN ALL ITS VARIOUS FORMS,

BUT THE FACT REMAINS THAT TVA is BUILDING 10 LARGE

NUCLEAR POWER UNITS TO MEET THE ELECTRICAL ENERGY NEEDS OF

THE VALLEY AND HAS 4 ADDITIONAL UNITS STARTED BUT IN A

STANDBY STATUS. THESE COMMITMENTS FOR NUCLEAX POWER PLANTS

WERE MADE DURING THE EARLY TO MID~1970'S BEFORE I JOINED THE

TVA BOARD.
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I DON'T HAVE THE LUXURY OF HINDSIGHT/ AND NEITHER WILL

THOSE BOARD MEMBERS THAT FOLLOW ME, BUT LET ME BE VERY

CLEAR IN THIS POINT. I HAVE NO DESIRE TO STOP OR SLOW DOWN

OUR NUCLEAR PROGRAM ON ACCOUNT OF SAFETY—THE AVAILABLE

EVIDENCE IS THAT THE RISKS OF NUCLEAR ARE NO GREATER THAN

THOSE OF COAL.

BY 1990 THE TVA POWER SYSTEM WILL INCLUDE SEVEN NUCLEAR

PLANTS/ WHICH WILL REPRESENT ABOUT 40 PERCENT OF THE TOTAL

CAPACITY OF OVER 40 MILLION KILOWATTS EXPECTED*ON THE TVA

POWER SYSTEM. OUR CONSTRUCTION PROGRAM IS A HUGE ONE/ BUT

EVEN SO IT REPRESENTS A TRIMMED DOWN VERSION OF WHAT WAS

PREVIOUSLY UNDERWAY. THE GROWTH IN ELECTRICAL DEMAND HAS

SLOWED IN RECENT YEARS AND TVA IS ADJUSTING ITS CONSTRUCTION

SCHEDULES TO FIT THE CURRENT PACE OF LOAD GROWTH. A YEAR

AGO/ 4 OF 14 NUCLEAR UNITS UNDER CONSTRUCTION WERE DEFERRED.

FURTHER ADJUSTMENTS WILL BE MADE, IF NEEDED, TO REFLECT OUR

BEST ESTIMATES FOR FUTURE LOAD GROWTH.

NUCLEAR POWER WAS ADVERTISED AS BEING CHEAP. BUT IT IS

NOW EXPENSIVE. THAT IS A COLD HARD FACT THAT ANYONE FAVORING

NUCLEAR POWER MUST ACKNOWLEDGE. I MIGHT ADD THAT NEW COAL-

FIRED POWER PLANTS ARE ALSO EXPENSIVE/ PROBABLY EVEN MORE

EXPENSIVE THAN NUCLEAR PLANTS. TVA'S FIRST NUCLEAR PLANT/

BROWNS FERRY, IS PRODUCING ELECTRICITY AT LESS THAN 1 CENT

PER KILOWATTHOUR TOTAL COST, BUT THE INFLATION SINCE THEN

HAS BEEN DEVASTATING. THE PLANTS TO BE COMPLETED IN THE
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LATE 1980'S WILL COST TVA OVER 5 CENTS PER KILOWATTHOUR AT

THE BUS BAR. TVA IS SELLING ELECTRICITY TODAY FOR ABOUT

3 CENTS PER KILOWATTHOUR/

IT'S OBVIOUS THAT OUCNUCLEAR EXPANSION PROGRAM MEANS

WE'LL BE RAISING OUR RATES EVERY YEAR. BUT TO FAIL TO BUILD

WHAT'S NEEDED WOULD BE EVEN WORSE, INCREASED RATES ARE

BETTER THAN BLACKING OUT ECONOMIC GROWTH IN THE REGION.

PEOPLE ARE VERY QUICK TO CRITICIZE, BECAUSE THEY RESENT

THE RATE INCREASES. THEY WERE MISLED BY NUCLEAR ADVOCATES

WHO SOLD NUCLEAR POWER AS BEING CHEAP. AND PEOPLE HAVEN*T

BEEN TOLP THAT BUILDING A NUCLEAR POWER PLANT TO SATISFY

SAFETY CONCERNS IS PROBABLY THE MOST DIFFICULT CONSTRUCTION

JOB IN AMERICA.

LOW-RISK NUCLEAR POWER IS QUITE EXPENSIVE, AS COMPARED

TO TODAY'S RATES. ANYONE WHO FAVORS SAFE NUCLEAR POWER MUST

FAVOR RATE INCREASES, THE TWO ARE SIAMESE TWINS AND ANYONE

WHO SAYS OTHERWISE IS EITHER UNINFORMED OR DELIBERATELY

MISLEADING THE PUBLIC,

TVA IS BUILDING ITS NUCLEAR PLANTS AT A COST WELL BELOW

THE AVERAGE OF OTHER U.S. UTILITIES.

TVA'S CONSTRUCTION WORKERS ARE REALLY THE UNSUNG

HEROES OF THE BATTLE TO AVOID A CRIPPLING ENERGY CRISIS. WE

HAVE FORGOTTEN THE CONSTRUCTION WORKER. HE OR SHE IS THE

PERSON THAT IS SAVING THIS COUNTRY FROM A SEVERE NATIONAL

SECURITY PROBLEM—A GROWING DEPENDENCE ON IMPORTED OIL.
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THE TVA CONSTRUCTION ORGANIZATION NEEDS TO GET A BOOST.

IT GETS FAR TOO MANY KICKS,

I REALIZE/ HOWEVER/ THAT IN ANY I' SIVE CONSTRUCTION

PROGRAM THERE IS ALWAYS ROOM TO IMPROVE EFFICIENCY AND TRIM

WASTE. AND WE ARE DOING JUST THAT. ALMOST TWO YEARS AGO,

RIGHT AFTER I BECAME CHAIRMAN/ TVA HIRED THE MANAGEMENT

CONSULTANT FIRM OF THEODORE BARRY AND ASSOCIATES TO EVALUATE

OUR PERFORMANCE IN DESIGN AND CONSTRUCTION. THE FIRM MADE

MORE THAN 100 SUGGESTIONS FOR IMPROVEMENTS/ AND THE TVA

ORGANIZATION HAS RESPONDED POSITIVELY IN IMPLEMENTING THOSE

SUGGESTIONS IN ORDER TO REDUCE COSTS.

WE ARE DETERMINED TO KEEP OUR COSTS AS LOW AS POSSIBLE/

BUT THE TVA BOARD AS PRESENTLY CONSTITUTED WILL PLACE

SAFETY ABOVE ECONOMICS, ANY REASONABLE MEASURE TO REDUCE

THE RISK WILL BE INCLUDED IN OUR PLANTS.

TVA STILL HAS LOTS OF ROOM FOR IMPROVEMENT/ BOTH ON THE

ISSUE OF CUTTING COSTS AND IMPROVING SAFETY, BUT WE'RE

WORKING ON IT EVERY DAY—NOT JUST ON THE DAY WHEN RATES NEED

TO BE RAISED, IT'S A TEDIOUS "PICK AND SHOVEL" JOB THAT

DOESN'T MAKE HEADLINES OR EVEN THE BACK PAGE MOST OF THE

TIME.

I THINK THE ATTITUDE OF THE JAPANESE TOWARD NUCLEAR

SAFETY GIVES US SOME USEFUL PERSPECTIVE. THE JAPANESE HAVE

A CONSERVATIVE OPERATING PHILOSOPHY/ WHICH RESULTS IN MORE

FREQUENT SHUTDOWNS AND LONGER OUTAGES FOR INSPECTION. IN
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SOME SITUATIONS WHERE AMERICAN UTILITIES WOULD PROBABLY LET

A PLANT RUN/ THE JAPANESE WILL SHUT A PLANT DOWN AT AN

ENORMOUS ECONOMIC PENALTY TO BE SURE THEY KNOW WHAT'S WRONG.

THE EFFECT OF THIS OPERATING PHILOSOPHY IS THAT JAPANESE

NUCLEAR PLANTS RUN FESS OFTEN THAN ANYBODY ELSE*S. THEIR

NUCLEAR POWER IS MORE EXPENSIVE.

WHAT IS MOST INTERESTING ABOUT THE JAPANESE EXPERIENCE

IS THAT IT IS NOT BASED ON STRICTER REGULATION THAN IN THE

U,S, JAPANESE UTILITIES ARE VASTLY LESS REGULATED THAN

THEIR AMERICAN COUNTERPARTS. IT REFLECTS A MANAGEMENT

PHILOSOPHY THAT REALLY PUTS SAFETY FIRST. THE NRC IS ESSENTIAL

AS A LAST LINE OF DEFENSE, BUT IT CAN NEVER OBTAIN SUFFICIENT

MANPOWER AND EXPERTISE TO ASSURE THAT EVERY REACTOR IS

DESIGNED AND OPERATED AS SAFELY AS POSSIBLE. THE COMPANIES

THAT BUILD AND OPERATE THE PLANTS ARE RESPONSIBLE/ AND THEY

WILL MAKE OR BREAK THE NUCLEAR OPTION.

THE JAPANESE HAVE ALSO PLACED A HIGH PRIORITY ON TRAINING

OF REACTOR OPERATORS, IF ANYTHING/ THE EXPERIENCE AT THREE

MILE ISLAND SHOWED US THE NECESSITY FOR HAVING WELL-TRAINED,

EXPERIENCED OPERATORS. THE JAPANESE EMPHASIZE A BETTER

SCIENTIFIC BACKGROUND FOR THEIR OPERATORS/ MORE ONTHE-JOB

TRAINING AND REGULAR RETRAINING, AND THEY HAVE OFFERED

INCENTIVES IN SALARY AND OTHER BENEFITS TO IMPROVE MORALE,

THE RESULT IT SEEMS IS A MORE ALERT CREW AT THE CONTROLS OF

THE NUCLEAR PLANT~A CREW WITH A BETTER GRASP OF THE PLANT
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SYSTEMS AND 0NE T H AT WOULD BE MUCH LESj LIKELY TO RESPOND

THE WAY THE THI CREW DID.

ANOTHER JAPANESE ADVANTAGE WHICH I THINK HAS GREAT

APPLICABILITY FOR NUCLEAR POWER IN AMERICA IS THAT 12 OF THE

19 NUCLEAR PLANTS IN JAPAN ARE CLUMPED AROUND JUST TWO SITES

AND ARE OWNED BY TWO COMPANIES. IF YOU TALK TO JAPANESE

UTILITY EXECUTIVES/ THEY ARE QUICK TO POINT OUT THE PRQI&EMS

INHERENT IN THE PROLIFERATION OF REACTORS AMONG SMALL

UTILITIES WITH LIMITED RESOURCES SUCH AS HAS OCCURRED IN THE

U.S. I THINK THIS LIES AT THE CENTER OF OUR PROBLEMS IN

TRYING TO ENSURE SAFE NUCLEAR POWER.

TVA HAS ADOPTED A POLICY TO LIMIT CONSTRUCTION OF

FUTURE NUCLEAR PLANTS TO THE SEVEN SITES WHERE WE NOW HAVE

NUCLEAR PLANTS, WE BELIEVE THAT ADDING UNITS TO EXISTING

SITES IS A PRUDENT/ SAFETY-FIRST POLICY THAT CONFINES THE

RISKS OF NUCLEAR POWER WHILE PERMITTING US TO EXPAND IN A

COST-EFFECTIVE MANNER.

I BELIEVE THE JAPANESE HAVE THE RIGHT ATTITUDE ABOUT

NUCLEAR SAFETY, THEY PUT SAFETY FIRST AND RECOGNIZE THAT

MEANS HIGHER COST ELECTRICITY. I FIND THIS SAFETY-FIRST

POLICY PARTICULARLY ENLIGHTENED IN A COUNTRY WHERE THE

REGULATORY CLIMATE IS MUCH LESS STRINGENT; IT DEMONSTRATES

MY BASIC PREMISE THAT THE ATTITUDE OF UTILITY MANAGEMENT IS

MORE CRUCIAL THAN REGULATION IN THE SAFE OPERATION OF NUCLEAR

POWER.
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AS A RESULT OF THREE MLLE ISLAND, WE MUST TAKE A CLOSER

LOOK AT THE COLLECTIVE RESOURCES AND EXPERTISE OF THE

UTILITIES THAT OWN THE NUCLEAR REACTORS IN THIS NATION,

THERE ARE ABOUT 200 GENERATING UTILITIES IN THIS COUNTRY,

WITH ALMOST A FIFTH OF THEM CURRENTLY INVOLVED IN NUCLEAR

POWER.

THIRTY U.S. UTILITIES OWN AND OPERATE ONLY A SINGLE

NUCLEAR POWER PLANT ON THEIR SYSTEMS,

TMI STRONGLY SUGGESTS THAT SOME OF THOSE UTILITIES MAY

HAVE NO BUSINESS IN THE NUCLEAR FIELD. SPECIFICALLY/ THE

ACCIDENT ILLUSTRATED THE FACT THAT THE PRODUCTION OF

ELECTRICITY THROUGH NUCLEAR ENERGY IS NOT A JOB FOR FRAGMENTED/

SMALL OPERATORS, WHICH MIGHT OPERATE ONE NUCLEAR PLANT.

THEY ARE NOT LIKELY TO EVER OBTAIN ENOUGH OF THE CRITICAL

TECHNICAL TALENT AND KN0WH0W AND THE FINANCIAL RESOURCES TO

MAKE THE NECESSARY INVESTMENTS IN SAFETY.

THESE "SINGLE REACTOR" UTILITIES START OFF WITH A MAJOR

HANDICAP. THEY ARE AT THE MERCY OF THE NUCLEAR PLANT

MANUFACTURER WHOSE INCENTIVES ARE TO OFFER THE LOWEST BJD

AND NOT INCORPORATE EXPENSIVE SAFETY FEATURES THAT HIS

COMPETITOR MAY LEAVE OUT,

IT TAKES A TECHNICALLY POWERFUL UTILITY TO KNOW ENOUGH

TO BE ABLE TO EXERT ENOUGH PRESSURE ON THE VENDORS AND

SUPPLIERS TO MAKE CERTAIN THAT NEEDED SAFETY IMPROVEMENTS

ARE INCORPORATED INTO PLANT DESIGNS AND COMPONENTS. THE
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LACK OF KNOW-HOW AND RESOURCES CREATES HIGHER RISKS IN

OPERATING THE REACTORS/ WHICH COMPOUND THE DESIGN PROBLEMS.

AND PROPER TRAINING REQUIRES MULTI-MILLION DOLLAR INVESTMENTS

IN SIMULATORS/ INVESTMENTS THAT THE SMALLER UTILITIES HAVEN'T

MADE.

IN MY OPINION/ THE FUTURE OF NUCLEAR POWER LIES IN THE

HANDS OF UTILITY MANAGEMENT. INDUSTRY EXECUTIVES MUST

PRACTICE NUCLEAR SAFETY, NOT JUST PREACH IT/ AND THAT MEANS

THE INDUSTRY AND ITS CUSTOMERS MUST RECOGNIZE THAT LOWER

RISKS MEAN HIGHER ELECTRIC BILLS. AND JUST AS IMPORTANT/

THE NATION'S NUCLEAR REACTORS NEED TO BE OWNED AND OPERATED

BY FINANCIALLY STRONG COMFANIES WITH ENOUGH OF A STAKE IN

NUCLEAR POWER TO INVEST THEIR RESOURCES IN THE TECHNICAL

TALENT AND EQUIPMENT NEEDED TO KEEP THE RISKS LOW. INDUSTRY

ORGANIZATIONS/ SUCH AS INPO/ WILL HELP/ BUT THEY ARE NO

SUBSTITUTE FOR STRONG MANAGEMENT, THE NRC SHOULD NOT LICENSE

ANY MORE REACTORS TO COMPANIES WHO DO NOT MEASURE UP.

OTHER THAN SAFETY/ THE MAJOR CONCERN ABOUT NUCLEAR

POWER IS THE NAGGING QUESTION OF WHAT TO DO WITH RADIOACTIVE

WASTE.

TVA HAS A POLICY AND PROGRAM WHICH I BELIEVE SHOULD

ALLEVIATE THAT CONCERN. WE WILL PROVIDE STORAGE FACILITIES

FOR RADIOACTIVE WASTE—BOTH HIGH-LEVEL AND LOW~LEVEL—AT

EACH NUCLEAR PLANT SITE. WE WILL BUILD ADDITIONAL FACILITIES

AT EACH SITE TO TAKE CARE OF SPENT FUEL FROM THE REACTORS
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INDEFINITELY. WE WILL ALSO PROVIDE STORAGE FOR LOW-LEVEL

WASTE AT EACH SITE SO WE DO NOT HAVE TO BE DEPENDENT ON ANY

OUTSIDE STORAGE FACILITY.

THE FIRST STEP TO IMPLEMENT THE LOW-LEVEL WASTE STORAGE

PROGRAM WAS TAKEN IN MARCH WHEN THE TVA BOARD AUTHORIZED

$71 MILLION FOR CONSTRUCTION OF A LOW~LEVEL WASTE STORAGE

FACILITY AND VOLUME REDUCTION FACILITY AT OUR BROWNS FERRY

NUCLEAR PLANT IN ALABAMA. ONSITE STORAGE WILL ELIMINATE THE

NEED FOR TRANSPORTATION OF WASTES BY TVA ON THE HIGHWAYS OF

THE VALLEY. IT WILL PROVIDE SECURITY FOR THE WASTE MATERIALS

AND PROTECTION FOR THE PUBLIC. AND IT WILL ALLEVIATE A

PROBLEM THAT THREATENS THE FUTURE OPERATION OF MANY OF THE

NATION'S NUCLEAR PLANTS IF A NATIONAL SOLUTION IS NOT

FORTHCOMING,

A SIMILAR APPROACH HAS BERN ADOPTED FOR HIGH-LEVEL

WASTE—ABOVEGROUND STORAGE IN CONCRETE CONTAINERS TO AVOID

SHIPMENTS ON THE HIGHWAY/ AND ALSO PRESERVE THE OPTION OF

RECOVERING THE ENERGY IN THE SPENT FUEL IF IT BECOMES

ECONOMICAL AND FEASIBLE IN THE FUTURE. THE SPENT FUEL CAN

STAY IN THIS ONSITE STORAGE INDEFINITELY.
* * *

WHEN I JOINED THE TVA BOARD, SOME VIEWED ME--WRONGLY~

AS BEING ANTI"NUCLEAR BECAUSE OF THE CAUTIOUS POSITION I

TOOK ON NUCLEAR SAFETY. A LOOK AT THE RECORD WILL SHOW THE

STATEMENTS I MADE TWO YEARS AGO ABOUT NUCLEAR SAFETY ARE
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VERY FASHIONABLE TODAY WITHIN THE NUCLEAR INDUSTRY. IN A

SPEECH TO THE ATOMIC INDUSTRIAL FORUM IN NEW YORK IN

MARCH 1978—ONE YEAR BEFORE THREE MILE ISLAND. I TOLD THE

AIF GROUP THAT HISTORY WILL PROBABLY RECORD THE SO-GALLED

NUCLEAR CRITICS AS THE PEOPLE WHO MADE US EXERCISt THE

SAFEGUARDS AND PRECAUTIONS THAT EilABLE THE NUCLEAR INDUSTRY

TO SURVIVE AND PROSPER. MY WORDS WERE NOT SOOTHING TO THAT

GROUP THAT DAY. I SAID SOME THINGS THAT THE NUCLEAR INDUSTRY

DOESN'T LIKE TO HEAR BECAUSE I THOUGHT IT WAS IMPORTANT THAT

THEY HEAR IT FROM A PERSON WHO IS ONE OF THEIR BEST CUSTOMERS.

THREE MILE ISLAND WAS A BITTER PILL FOR THE NUCLEAR

INDUSTRY AND A SHOCK TO THE AMERICAN PEOPLE/ BUT WE CAN BE

THANKFUL THAT IT SHOCKED US INTO A NATIONAL AWARENESS OF THE

PAINFUL TRADE-OFFS THAT HAVE TO BE MADE WITH ENERGY,

THIS HEIGHTENED NATIONAL DEBATE OVER ENERGY POLICY HAS

HAD SOME OTHER BENEFITS. CONSERVATION IS FINALLY BEING

ACCEPTED AS AN ENORMOUS " SOURCE*' OF ENERGY THAT CAN BE

TAPPED, AND IT WILL HELP THE ECONOMY. SOLAR ENERGY IS BEING

RECOGNIZED AS A REALITY NOW/ NOT JUST A DISTANT DREAM/ AND

NEW TECHNOLOGIES SUCH AS FUEL CELLS/ FLUIDIZED BED COMBUSTION/

AND COAL GASIFICATION ARE GETTING MORE ATTENTION.

PEOPLE REALIZE NOW THAT NUCLEAR POWER HAS ITS HAZARDS/

BUT THAT COAL DOES, ALSO. THE PUBLIC HAS BECOME AWARE THAT

CONSERVATION IS OUR BEST BET. BUT WE NEED BOTH COAL AND

NUCLEAR POWER IF WE ARE GOING TO END OUR CATASTROPHIC

DEPENDENCE ON FOREIGN OIL.
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AS WE MARK THE FIRST ANNIVERSARY OF THREE MlLE ISLAND,

THE FUTURE OF NUCLEAR POWER IN THIS COUNTRY IS STILL VERY

MUCH AN OPEN QUESTION. IT WILL PROBABLY BE THE END OF THIS

DECADE BEFORE WE CAN REALLY ASSESS THE IMPACT OF *THE RELIEF

VALVE HEARD 'ROUND THE WORLD."

ON MARCH 28* 1989/ WE MAY HAVE TO LOOK BACK AND OBSERVE

THAT THREE MILE ISLAND WAS THE WOUND THAT MADE NUCLEAR POWER

DIE A SLOW DEATH DURING THE 1980'S.

BUT IT CAN BE THE EVENT THAT LED TO A STRONGER ROLE FOR

NUCLEAR POWER AT A TIME WHEN ENERGY IS A VERY PRECIOUS

COMMODITY. THAT CHOJCE IS LARGELY IN THE HANDS OF THOSE OF

US WHO OWN AND OPERATE NUCLEAR REACTORS. LET US HOPE AND

PRAY WE WILL ALL HAVE THE COURAGE TO PAY THE PRICE FOR

TAKING THE SAFE ROAD,



r
-26-

ASPECTS OF THE EUROrEAN ENERGY DEBATE:
EXAMPLE FEDERAL REPUBLIC OF GERMANY

D. Smidt

Kernforschungszentrum Karlsruhe GmbH,
Institut ftir Reaktorentwicklung

D - 7500 Karlsruhe, FRG

ABSTRACT

The European energy debate, especially with respect to nuclear
energy, is drastically different between separate countries: France,
UK, Germany. There is no definite answer why this is so, but a num-
ber of reasons are listed for discussion. However, the general struc-
ture of energy production and consumption is similar in all European
countries and quite different from the US.

The German debate is characterized by antiindustrial and anti-
nuclear groups - the green movement - having less than 5 Z of the
votes, but being influential due to the fact that government parties
and opposition are nearly equally strong. The present approach of
government therefore places great importance also on energy-saving,
coal and development of renewable sources.

The arguments are discussed in the light of the oil situation.

1. General Situation

The European energy debate basically is a nuclear debate. With excep-
tion of some Scandinavian states all European governments are convinced that
nuclear energy has tj give an essential contribution to the solution of fu-
ture energy problems. But there is no such thing as an European energy de-
bate. There is a French debate, there is a British debate, there is a Ger-
man debate, but they have very little in common.

After a brief description of the differences I shall restrict myself
to the German problems. This will lead to some conclusions on the general
nucleav debate and the role of nuclear societies within it. Finally, I shall
make seme more technical remarks with respect to the after TMI discussion,
which to my knowledge have seldom or never been mentioned.
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In France a very ambitious program for building pressurized water reac-
tors and fast breeders is being implemented. Opposition seems to be small
and has never found a platform and influence to prevent the construction of
nuclear installations.

Great Britain has for a long time a solid basis of Magnox and AGR sta-
tions. The decision for the PWR has been made and is followed in a slow but
orderly manner. Hearings are based on century-old legal tradition. Never
emotions boil over.

In the Federal Republic of Germany on the other hand in quite a number
of occasions the discussion has proliferated to scenes of violence as can
be seen for example in Fig. 1. They got enormous attendance by the media.
Since 1977 no new construction permit has been issued and a dm facto morato-
rium is in effect. In 1979 also the planned reprocessing plant has been stop-
ped for political reasons.*If not sufficient intermediate storage capacity
can be build in a short time even operating nuclear power stations have to
be shut down. It is difficult to say where this different development comes
from. Important factors are:

- Different dependency on imported energy: France 75 X, Germany 55 %,
Britain 38 1

- Different commitment of governments, therefore different public state-
ments influencing feelings of the public in a different way

- Something like national pride and competitive pressure

2 The Common European Factor

Besides of these differences there is a common structure of Western
European energy supply compared to North America. In Fig. 2 for some in-
dustrialized countries the per capita energy consumption (primary energy) is
compared to the per capita gross national product (GNF). The per capita ener-
gy consumption in the United States and Canada is about twice as large as in
Western Europe for a comparable GNP. This is especially true in comparison
to Sweden, the richest country according to this scale. This difference is
caused by the traditional American politics of low energy prices, among
other things resulting in badly insulated homes, low efficiency air condi-
tioneirs and especially large cars.

The European is still surprised for instance by gasoline prices half
the size as he is used to. The public opinion in Europe is reflected in the
cartoon of Fig. 3, showing the leaders of the USA and Western Europe at the
energy bar. It is evident who is getting the largest beer.

The present oil-crisis would not exist, if the per capita energy con-
sumption of North America would have Swedish or German dimensions. But to be
fair,then we would probably not talk so sensibly on energy conservation as we
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do it now. Unfortunately man only learns from crisis.

3. The nuclear Debate in the Federal Republic of Germany

Comparatively late during the second half of the sixties singular nu-
clear opponents started organizing local groups, also called "Citizen Initia-
tives". They had their first widely noticed success, when they occupied the
site of the Wyhl nuclear plant and prevented the beginning of that construc-
tion. The State Government tried to remove the apparently pieceful occupants
by a large police force. Because, of the negative response of the media, how-
ever, the Government could not see it through and construction was disconti-
nued. The success of the citizens initiatives was consolidated by a decision
of the first level court forbidding the construction.

Subsequently some other site occupations were tried but prevented by po-
lice forces. Here the violence has been observed as shown in Fig. 1. Because
of the now negative response of the media to the violence of the demonstra-
tors and because of the involvement of communist or other extremistic groups
the citizen initiatives stopped all site demonstrations after September 1977.

During the same time the so-called "Green Movement" started. It might be
interesting to note that the word "green" for nuclear opponents probably came
from France, where since June 1977 the "Green Radio Fessenheim", an under-
ground radio station, started broadcasting anti-nuclear broadcasts. During
1978 and 1979 "green parties" applied for local and state parliaments and al-
so participated in the election for the European Parliament. Their success
has been partially in the range of 5 Z of the votes*). They hope to get more
than 5 1 in 1980 for the Federal Parliament.

Their main common element is the discontent with the industrial society
and the government which they see as mechanistic, materialistic, synthetic
and brutal against the underdogs. The nuclear plant for them is the purest
symbol of this problem, It is important that especially young people are ve-
ry much attracted by this green movement.

The green crit: sism of society attracts communistic groups, trying to in-
filtrate the gret.' ones. The combination of green ones and red ones is called
the "colourful" ones. The meetings of green groups are characterized by a
strong effort always to keep reds and greens apart. This is very often diffi-
cult or even impossible, since many of the red ones are professionals and
know, yet they want, whereas the green ones mainly know, that they don't want.

4. Political Effects

The present German government is a left-centre coalition with a very
small majority lead to the right wing opposition. Votes for the green ones

They are now with 5.3 Z represented in the state parliament in the State
of Baden-Wurttemberg (more than 10 % in the 30 mile-radius of Wyhl).
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are in most cases lost for the government coalition because the appeal of
the green ones has a stronger impact on voters of the left-hand side of the
»pectrum. Within the social denocrates, being part of the government coali-
tion, there is also considerable nuclear opposition. Therefore the govern-
ment is very cautious in the nuclear question, even if the chancellor and
the cabinet generally see the necessity of nuclear power. Fig. 4 and 5 de-
monstrate this by two cartoons which have appeared in the press.

The minister for science and technology has stated the following prio-
rities of the government with respect to energy C13:

a) Energy saving
b) Improve the use of coal
c) Develop new technologies for the use of renewable energy sources
d) Keep open the option for nuclear energy

Apparently this is different from statements of the French government
and has had a certain feed back on the public opinion. This position, how-
ever, is consistent with the present,political situation and tries to define
rational and democratic procedures to solve the energy question without loo-
sing the next elections/ The problem ist, however, wether one can have just
options open for an indefinite amount of time and still have fast solutions
in case the options are actually needed. This solution of the energy ques-
tion is a complicated balance of political and technical answers an1 the
main disagreement is now,

- if this is really the correct description,
- if really nuclear energy is just the net for the case the balance is

lost and
- if the net is needed at all

Here might be all the difference between a theoretically consistent so-
lution and the real situation. It is clearly impossible to evaluate the fu-
ture development in detail. However, the order of magnitude of the potential
for energy saving, coal and renewables, can easily be determined.

5. The Potential of Saving, Coal, and Renewables

The total consumption of primary energy in the Federal Republic amounts
to 370 Mio tons of coal-equivalent per year.

a) ?FeFSy_ B?y>PJL.:. Theoretically in quite a number of areas more than 50 % of
the"presently needed primary energy can be saved by better insulation,
avoidance of using electrical power for resistance room heating or water
heating, more effective heating technology, heat recovery and generally
more efficient industrial processes. Generally fuel is to be replaced by
capital investments. The government tries to encourage these investments
also in the private area by subsidies or tax reductions.

*' presently a mixed committee of MP's and experts (Enquete-Kommission) has
to define the future energy policy.
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The question, however, is, in which rate the energy saving invest-
ments are bsing made and will become effective. For simplicity let us make
the very optimistic assumption with respect to saving: Saying rate - Growth
rate. . " iy\. '•-

That means continuing growth in GNF can be achieved without increa-
se in primary energy consumption because of energy saviu&^ajMi^improved ef-
ficiency. The increase in GNP is assumed to finance the energy-saving in-
vestments. Since neither the economic growth nor the saving rate can accu-
rately be predicted, this assumption is rather coarse'), it might be inter-
esting to note that the energy consumption of the industry in the Federal
Republic of Germany has had indeed a very small increase compared to the
increase in industry production itself. I am going to show that even then
nuclear energy is important.

b) Coal_: The coal production is not a problem of available deposits but of
the hauling rates. A maximum was achieved in 1960 with about 145 Hio tons
per year. Today it amounts to 85 Mio tons per year. The access to new de-
posits is very difficult and requires large manpower. Therefore the esti-
mated additional availability amounts to about 35 Mio tons per year. This
is less than 10 Z of the overall consumption.

c) Renewable Energy Sources: Under the climatic conditions of Germany only
solar room-neating may have a certain potential. It can be used to reduce
the consumption of other fuel, but total solar heating especially in De-
cember and January is not feasible. An optimistic calculation would assu-
me that solar heating could contribute up to 50 Z of the needed energy
for 15 Z of the private homes. The economical problem is not considered.
This amounts to approximately 14 Mio tons per year coal-equivalent. Becau-
se of the large investments and considerable changes of existing technolo-
gy an optimistic guess would result in the production rate of solar hea-
ting of about 1/2 Z per year. Therefore considering the absolute size and
the rate of introduction the solar heating would have a rather small im-
pact on the overall consumption of primary energy.

Therefore, by energy saving, if we are lucky, we might avoid the ongoing
increase of energy demand. Thus, we would reduce the future energy problem to
the present energy problem. What is the present problem? Fig. 6 compares the
percentage of energy production and energy consumption in the USA and Wes-
tern Germany. The most important difference is the strong dependency on im-
ported oil in the Federal Republic. Gas is of smaller importance in Germa-
ny, but also here the import dependency is of considerable size. If the Ger-
man debate would be conducted under these comfortable US-conditions, a pro-

This would amount to a saving rate of about 2 Z/year and is in reaso-
nable agreement with C23.
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bable result would be that nuclear energy to the opinion of many more po-
liticians is not needed. This does not mean that such a result is wise, it
just describes the present conditions in Germany. On the other side, it is
far from safe to depend to this large extent on imported energy and espe-
cially oil. It also seems morally questionable that 1 X of the world popu-
lation uses nearly 5 1 of the worlds oil production. The other industriali-
zed countries are in a similar position.

The present German oil consumption amounts to 200 Mio tons equivalent
of coal per year. In the long range we have seen that 35 Mio tons per year
could be replaced by coal, 14 Mio tons per year by solar energy (optimistic
calculation). This leaves a gap of about 150 Mio tons coal equivalent per
year. Fig. 7 shows where the oil goes. Only a very small fraction is used
for electricity production, since electricity is mainly produced from coal.
The most important part is heating of buildings.

With this we are approaching another problem of the present discus-
sion. Even if nuclear energy is the only remaining source to fill the oil
gap, today it is exclusively employed for electricity generation. This au-
tomatically implies 2/3 waste heat and a low efficiency use of the primary
energy sources. The large size of nuclear power stations and the site prob-
lems make difficult a widely spread use of the waste heat for room heating
purposes.

However, even if the use of nuclear heat for room heating is limited,
nuclear electricity can make an important contribution by

- driving heat pumps (bivalent systems)
- substituting coal now burned in power stations for hydration

to synthetic oil

Other applications as coal gasification by HTR's and the use of electro-
lythic hydrogen are still under development.

6. The Safety Discussion after TMI-2

There is no question: after the events of TMI-2 the energy discussion has
become even more complex(Fig.8).The problem of human failure has become the
overwhelming topic. But I should like to point out that TMI-2 is not the re-
sult of human failure alone, but of the combination of human failure with a
very unforgiving reactor design. This should be stated very clearly because
otherwise the public opinion concludes that the mitigation of human unrelia-
bility is a principally unsolvable problem.

Let me just point out 4 features which in a situation like TMI and the
same operator errors assumed, would have prevented any serious core damage:

- systems, where transients in the feed water system would have initia-
ted early shutdown by signals from the secondary system before the
primary pressure would have opened the pressurizer relief valve,



r-
-32-

- the automatic closure of the block valve in c*»* the pressurizer re-
lief valve would stay open,

- injection pressure of the emergency core cooling system below the
operating pressure of the primary circuit. In this case the opera-
ting personnel never would have thought it necessary (and would not
have been trained in this way) to throttle the coolant injection,

- automatic cooldown of the secondary side would have reduced the pri-
mary pressure to the level of the low pressure cooling system before
core damage had occurred.

In March 1979 already quite a number of European reactors had been wor-
king on these principles.

My point is that these technical features and some other proposals
which have been made in the meantime, could sufficiently neutralize effects
from human failure.

To our opinion these technical improvements could be made much more ef-
ficient with respect to risk than any changes in site policy as for instan-
ce proposed in NUREG-625. I should like to emphasize also that sites of this
nature certainly are very scarce in Europe and cannot be found in Germany.

7. Conclusions

a) It is not surprising that in democratic countries the energy discus-
sion can become difficult and minorities might gain a large influen-
ce.

b) It seems to be a good policy to emphasize energy saving. To my
opinion nuclear societies should work out available solutions and
should give advice to politicians also in this field.

c) The importance of nuclear energy should be shifted more definitely
from the solution of the energy growth problem to the solution of
the oil-replacement problem.

d) Since a large amount of oil is being used for heating purposes, in-
creased effort should go into the problem, how nuclear energy could
assist in the solution of the heating problem. It would be helpful,
if nuclear societies or their members would put more effort into
this field.

e) Besides improvement in operator training technical safety can be in-
creased. This is more important than drastical changes in siting
policy. :j
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f) The Europeans invite the American* to theii energy prices. This will
solve a lot of problems.

g) Nuclear energy is the only powerful tool available to replace the
o i l . ,. •• ' ' • • ' • : ' • ' , -,. ' •
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Typical 1977-scene: Masked members of "K-groups" trying to force their
way through the fence of a construction site
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*STORT EUCH HtGENDWASr

Fig. 3 At the energy bar: "Is something disturbing you?
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Hauptsache, die Richtung stimmt HANDELSBLATT: PMtrt

Fig. 4 Typical cartoon of 1979: The difference between
chancellor Schmidt and his party: Nuclear power
yes ox no. "Main point: The direction is correct".

i



ZEICHNUNG: H I C K / COPYWGHT Oit WEU

Fig, 5 "The fa»t brothers (atomic power? yes, urgent)" - another 1979-cartoon
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THE IMPACT OF TMI ON THE NRC

Joseph M. Hendrie, Commissioner

U. S. Nuclear Regulatory Commission
Washington, D.C. 20555

ABSTRACT

The accident at Three Mile Island and its associated aspects
have been studied extensively by the NRC staff and the NRC
Special Inquiry, the President's Commission, the nuclear
industry, various Congressional groups, and assorted other
groups. Recommendations from all sources for changes and
improvements have been grouped by the NRC under four general
headings: operational safety; siting and design; emergency
preparations and radiation protection; and regulatory organi-
zation management, practices and procedures. Action plans
for the various elements under these general headings have
been prepared, discussed at length by the staff and Commission,
and are being implemented as appropriate.

TEXT

Good morning. I am pleased to be here today and to join
this distinguished company at the opening session of the
1980 Thermal Reactor Safety Meeting sponsored by the European
Nuclear Society and the American Nuclear Society.

I realize now that I accepted a trifle too casually our
General Chairman's invitation to address this audience on
the subject of the impact of Three Mile Island on the Nuclear
Regulatory Commission. When he first asked me about it last
year, it seemed a perfectly natural and reasonable thing for
me to be able to talk about Three Mile Island and its effects
upon the NRC. More lately I have come to recognize that I
am somewhat in the position of a crewman on a submarine that
is being furiously depth-charged by assorted surface vessels
and aircraft and who has been asked to make a speech on how
the Navy is doing in general. I may just be too close to
the action to be the best possible commentor on the impacts
of Three Mile Island on the Nuclear Regulatory Commission.
Nevertheless, I shall try.

One impact that occurs to me immediately is that we lost a
Chairman because of Three Mile Island. I didn't think he
was half bad, either.
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But there have been a good many other impacts of Three Mile
Island that are a great deal more Important. It seems to me
that these impacts fall into two general and rather different
categories. On the one side there are technical matters and
operational matters. The accident at Three Mile Island
pointed out to us very vividly some areas where our regulatory
structure and practices had not been strong enough. It also
set us to reexamining a number of the bases on which we had
established safety standards and the manner and extent of
some of our safety analyses.

These are all matters that fall within what I regard as the
normal work of the agency. They are matters amenable to
engineering analysis and problem-solving methods in part and
to organizational and operations management analysis and
problem-solving methods for the rest. They're matters of
which you will hear a good deal, and in detail, during the
course of this meeting.

The other sort of impacts from Three Mile Island that affect
us in the NRC are of quite a different kind. They are
concerned with political matters, with emotional matters,
with the spirit and the attitude of the agency, and with the
public climate in which we must operate. Dealing with these
impacts is much more difficult because it is a much more
uncertain area. And in the long run this other sort of
impact is likely to have more effect on us than the technical
and operational impacts.

Let me talk now about the first kind of impacts and the
associated technical and operational areas. We found it
necessary soon after the end of the high-crisis phase of the
Three Mile Island accident to commit almost all of the
reactor-knowledgeable professional staff of the agency to a
series of task groups. These task groups worked on the
assorted lessons to be drawn from the accident, what that
meant for our regulatory requirements and practices, and
what things needed to be done in the near-term at operating
plants. That commitment of staff to analysis and actions we
felt were needed because of the accident pretty well terminated
the normal processing of license applications by the agency.
You will hear a paper later in this meeting from Mr. Robert
Tedesco of the NRC staff about the results of those task
group efforts.

The work of those task groups was nearly completed by last
fall* just before the Kemeny Commission reported at the end
of October. The Kemeny Commisson Report and recommendations
obviously had a substantial impact on NRC plans and activities.
There was an intense effort by the staff to compare in
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detaii the K(»meny Commission recommendations with the actions
taken or planned as a result of its own reviews and analyses.
A summary response to the President was made by the Commission
on November 9 last ysar, outlining the Commission's agreement
with the thrust of almost all of the recommendations of the
Kemeny Commission. The Commission also noted in that response
its intent to conform to the Kemeny Commission1? strong
statement that new licenses or construction per.nits should
take into account the recommendations of the Kemeny Commission.

A week later, I launched the staff into the preparation of
an action plan that would gather into one place all of the
responses that the agency was making to the Three Mile
Island accident. This was to include all of the work of the
task groups, including those actions that had already been
completed, and also would include further actions recommended
by the Kemeny Commission and, later on, any additional
actions recommended by the NRC's own Special Inquiry Group
which was to report about the first of the year.

The action plan was to specify which actions and requirements
applied to which groups of plants and projects. Implementation
schedules were to be included, with specification of which
requirements had to be implemented before a license or
permit could issue and which requirements could be implemented
after licensing.

That action plan, which is a great thick document, has now
gone through two drafts and extensive discussion with the
Commission. It includes recommendations from all sources
for changes and improvements. These have been grouped under
the four general headings of operational safety, siting and
design, emergency preparations and radiation protection, and
regulatory organization, management practices, and procedures.
I will not attempt to detail these matters; you will hear
more of the action plan from Bob Tedesco later in the meeting.

These first drafts of the action plan he/e attracted a good
deal of attention and considerable concern from the Industry
side. There has been a substantial amount of work by industry
groups to sort out what the action plan seems to mean in
terms of future requirements and commitments. The Commission
has met several times with industry representatives to hear
their concerns. These focus on the sum total of what seems
to be indicated by the action plan drafts. As the industry
representatives have put it, there seem to be very few items
in the action plan drafts that are not worthy of consideration
by themselves but the sum total might require an excessive
and perhaps impossible commitment of funds and professional
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manpower resources. There have been urgent requests by
industry representatives that the important and essential
improvements be sorted out and given priority and that other
things be recognized as perhaps desirable in the long run
but nr"';'~ implementable immediately.

The staff and the Commission are weTT aware of these concerns
and share in them. We also have our own resources to
consider. They are finite and we cannot do everything all
at once either. There has already been considerable sorting
out as to implementation schedules and what things ought to
be done first and what things ought to be considered later
on. The third draft of the action plan is now in preparation
and I expect that with further discussion and sorting out of
the essential matters, a reasonable and workable configuration
will result.

It will not have escaped your notice, I'm sure, that we have
not been issuing operating licenses and construction permits
since the Three Mile Island accident. This licensing pause
is a result of the Commission directing its resources to
analyzing the implications of the accident for the safety of
operating reactors, identifying the changes needed to improve
safety, and to digesting fully the results of the several
major inquiries that have been made. That work is now
coming toward completion and staff resources have begun to
be available to turn to consideration of licensing actions.
There will continue, of course, to be development and clari-
fication of the measures considered appropriate in the light
of Three Mile Island and the Commission will have to furnish
further guidance to staff and licensing boards with regard
to pending license applications.

At the end of February, the Commission issued a low power
operating license to the Tennessee Valley Authority for fuel
loading and testing at power levels up to five percent at
the Sequoyah Unit 1 facility. We are indebted to Chairman
Freeman of the TVA for the suggestion that this low power
testing regime could usefully go forward while the last of
the new requirements from Three Mile Island are being met
for the facility. It is our expectation that by the time
Sequoyah Unit 1 is ready to start power escalation beyond
five percent, we will be in a position to deal with the full
power operating license. We now have before us a similar
low power operating license proposal for North Anna Unit 2
and expect soon to have one for Salem Unit 2. As more staff
become available from the Three Mile Island tasks to deal
with review of license applications, we will pick up work on

I
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the other operating license applications and on construction
permit applications. Our recovery from the licensing delay
is thus a continuous and progressive matter rather than an
"on-or-off" sort of decision. It is our Intention that this
progressive recovery should go along as rapidly as possible,
consistent with getting the improvements we feel are necessary
implemented.

Turning now to the political and emotional impacts of the
accident on the NRC, I would note there that there must be
scarcely a group left in the land that has n^t criticized
one aspect or another of our rules and standards, our practices,
and our persons. Some of it, I must say, has been a trifle
on the poisonous side. I would invite any who intend to
comment on us further to do so promptly, since I think it is
about time to close this hunting season so that the agency
can get about its work.

The emotional climate in the agency created by that commentary
must have some effect, although I cannot quantify it. Alvin
Weinberg once remarked "that the first duty of a bureaucracy
is to survive." Survival generally requires acting with
caution. All bureaucracies, public or private, tend to move
with a certain deliberation in the best of circumstances.
In a climate where the subject matter is highly sensitive
and highly publicized and where there has been as much
criticism as we have had recently, that tendency toward
caution and deliberation rather than action is bound to be
exacerbated. Now I think that the NRC staff is as resistent
to that sort of influence as any large organization is
likely to be. I am obviously prejudiced in their favor but
it is my view that the NRC staff is as tough, competent, and
professional a group as you are likely to find anywhere in
the land. Still, I notice a certain effect of the kind I
mention on Commissioners and I doubt that the agency as a
whole escapes its influence.

There has been much talk of mind-sets and attitudes in
assorted critiques of the agency. If we had, as charged,
grown complacent with our safety standards in view of the
excellent record of safety in the nuclear industry, and I am
unconvinced that that criticism reflects a full understand-
ing of our operation and attitudes, that is sure(y no longer
the case. There are bound to be all manner of states of
mind amongest the agency people, high, low, and in between,
but if I try to characterize some sort of median feeling
that I perceive amongest us it is a clear and firm determination
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to reexamine our basis for safety regulation and how we go
about it, and to make any needed improvements and to get on
with the job.

It is not much noted by our critics how much we are a creature
of the statutes that define our authority and the Congres-
sional guidance and oversight that we get on a continuing
basis. Our statute says that we shall regulate in a manner
that provides adequate protection for the public health and
safety and then offers no further guidance on what that is
to mean. Over the years we have developed a substantial
body of regulations and staff guidance documents, generally
prescriptive in nature, that we believe constitute in sum a
definition of adequate protection. But we have never
managed over the years to resolve the philosophical problem
of regulating an evolving new technology against a safety
standard that seems to set a single relatively inflexible
line.

In the regulation of other evolving technologies, there
seems to be the ability to recognize that Model A may in
fact not be quite 's good from a safety standpoint as Model
B, nor Model B as Model C, but nevertheless that all are
adequate for service. It is a difficulty we struggle with
each time we consider whether it is necessary to backfit a
new requirement that we consider appropriate for new and
future plants.

Also, it is clear that a more quantitative description of
what constitutes adequate protection would be a benefit to
us and to those who have to meet that standard. One of the
results of our reexamination of our regulatory bases and
practices is an intent to try to accomplish that better
definition and, I would hope, to improve our backfitting
prescri ptions.

The guidance we have had from Congress in assorted hearings
over the years, going back to the beginning of regulation as
a separate staff function of the Atomic Energy Commission,
has ranged from a view that any new requirement is too much
to a view that everything is not enough, and all shades in
between. We continue to receive from the various Subcommittees
of the Congress that instruct us a spectrum of views almost
that broad.

One impact of the Three Mile Island accident in the political
arena is that we are going to be reorganized as a Commission.
The Energy Reorganization Act of 1974 establishes the
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leadership and ultimate authority in the agency in a Commission
of five persons, each with equal authority and responsibility
in all decisions of the agency. As I have commented else-
where, it is an arrangement that indeed provides for full
exchange and airing of differing views on regulatory matters
and assures that regulatory policies are not adopted pre-
cipitously and without appropriate compromises. On the other
hand, it surely is not an arrangement conducive to strong
and aggressive leadership in the sorts of operational acti-
vities that are also a part of regulation. To improve this
situation, I made some modest proposals to my colleagues
late last year along the lines of better defining the areas
that the collegial Commission ought to operate in, as
distinguished from the areas in which the Chairman ought to
act as the Chief Executive Officer of the agency.

Both the Kemeny Commission and the NRC Special Inquiry Group
found the present Commission arrangement did not suit their
perception of "gung-ho" regulation and strongly recommended
replacing the Commission with a single Administrator as head
of the agency and also placing the agency in the Executive
Branch under the President. The Administration has concluded,
however, that it prefers to have a Commission at the head of
the agency, but with a stronger Chairman to provide for
better executive management of the agency.

We now have a Presidential Reorganization Plan before the
Congress that would certainly have the effect of strengthening
the Chairman. It may, in fact, go a bit too far and come
rather closer to the establishment of the agency under a
single head than the Administration realizes. There is some
further definition still to come from the Administration on
what the plan means in detail and we shall have to see how
that all comes out.

I should like to close by taking a somewhat longer range
vi v of affairs in the nuclear field. I would point out
fiat we are hardly well started into the nuclear power era.
Like all of the major technologies that our civilization
uses, this one has had to go through an invention stage, an
early development stage, some early prototypes—some of
which worked well and some of which didn't, and then into a
first stage of general commercial use and that's about where
we are now. In a real sense, the first generation of com-
mercial nuclear power plants is less than half built and on
line at the moment. We have some 67 plants operating and
there are another 80 or so in the pipeline in various stages
of construction. Some of those: may end up being cancelled
but I think most of them will be completed, so we are about
half way there for the first generation of commercial
plants. :
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f It really is not surprising, in view of the histories of
I every other major technology that we use, that everything

hasn't gone just fine and dandy and without mishap in nuclear
power technology. We have found some things out later that
we would have been much better off if we had known earlier.
That's quite clear. On the other hand, nuclear power has to
date, including Three Mile Island, a most remarkable safety
record compared to all of the other technologies that are
used by our civilization. It is an energy source which,
because of its environmental and resource advantages, is in
my view an essential component of the national energy supply.
I think we have to complete those plants that are in construction
and I think we need a second generation of nuclear power
plants beyond the present one. I look forward to a time
when we can reasonably consider getting on with that second
generation.
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THE ROLE OF NUCLEAR POWER IN FRANCE

J. STOLZ - Electricite de France

Nuclear energy is studied in France since the mid-forties and
a number of natural uranium power reactors were in service in
1969 when E.D.F., for industrial reasons, decided to shift to
LWR's.
Following the 1973 petrol crisis, the PWR program was increased,
so that firm committments are now established for some fifty
900 MWe or 1300 KWe PWR units, this figure including the six
900 MWe reactors already successfully connected tc the national
grid. This program gives to France some independence from the
petrol suppliers, saves some other dependences from foreign
countries policies and, not the least, should provide a cheaper
sent out unit, the nuclear KWH being in early 1980 prospective,
about at half price of the fuel-oil fired KWH.
France has an integrated nuclear industry, whereby "COGEMA"
supplies nuclear fuel services and "FRAMATOME" manufactures the
nuclear boilers. The paper will review briefly such aspects, and
the presentation will illustrate them with actual views of the
shops and plants.

Determination and perseverance may be considered as the main characteristics
of the French energy policy since the beginning of the 1973 energy crisis.

The French government has kept firmly to its 1974 decision as regards the
priority given -o electrical power and, to produce it, priority to nuclear
energy.

This decision was reformulated in late 1979, when the Prime Minister stated
that "the government's nuclear power program... will be pursued resolutely
and without hesitation".

This governmental policy is enforced by the fact that in France all major
political parties, including "opposition", are fundamentally in favor of
nuclear energy, even if there are inevitable differences in thsir specific
statements.

It may be noted also that public polls in 1979 have shown some kind of mu-
tual consent to nuclear fact among the "average" Frenchmen, who realize that
preserving the advantages of modern living needs an adequate suppljr of ener-
gy-

However there have been occasions where local and/or "imported" intervenors
demonstrated strong opposition to nuclear plants, although in most of the
cases one could conclude that such opponents are against energy in general,
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or against governmental power, rather than against the nuclear fact of
itself.

Since the leading time for such heavy investments is a matter of years, con-
tinuity is needed if one wishes to witness some day the accomplishment of
the policy. In that sense, year 1980 happens to be the one which will see
the first units of the "Program contract n° 1" come on line. Six units are
to be connected to the rational grid, which units were committed for in
1974.

In this same year 1980, Klectricite de France, the national utility, will
start construction - quiCe "routinely" - of six more new units, totalling
about 7000 MWe, to be coimissioned in 1984 or 1985.

In 1980 as well, 25 other reactors of 900 or 1300 MWe nominal capacity are
under various stages of achievement, and should be connected to the grid
during years 1981 to 1984, at a rate of about one unit every JO to 12 weeks.

It may be noted that most of the sites include 4 units, totalling up to over
5000 MWe. This takes care of the relative scarcity of acceptable nuclear
sites in France, and also takes advantage of the relatively short distances
to be covered by transmission lines, a characteristic which gives some allo-
wance as regards geographical location of energy sources as related to heavy
consumption areas.

Although 1980 is the first year of generation for the "standard" units, nu-
clear energy is not anything new in France.

Following the institution of the "Commissariat a l'Energie Atomique" (CEA)
and Electricite de France (EDF) in years 1945, nuclear power has been the
object of a constant effort throughout the years.

France has very little energy resources of itself : practically no fuel-oil,
no more natural gas, and no more coal, and is dependent from foreign coun-
tries for the major part of its energy sources : up to 75 % in 1979.

Hydroelectricity was largely developed prior to world war II, and some more
equipments were built after war ; but at present every drop of water or
snow which enters France is, in practice, used one or several times in hydro
plants, and no more hydro projects are being considered, if one excepts some
storage pumping stations. Although hydroelectricity generation in France is
around 70 billion KWh on an average year, this covers less and less percen-
tage of the total as time goes away.

French coal is distributed in thin seams and at great depth,and it has to
be mined "by hand". Anyway, almost all coal fields are now near exhaustion.

Fuel oil is more than 99 % imported, and is subject to large variations
in cost and to the goodwill of the suppliers.



-32-

So that, for France, nuclear energy appears as a very good choice, since
the French territory has non negligible uranium resources, and since even
imported uranium and/or enrichment u y C O M frost foreign countries quite
different from the major fuel-oil producers.

As far back as 1952, France was accordingly interested in nuclear energy,
and especially in view of electricity production. From the beginning, in the
late fifties, production reactors in Marcoule were equipped with electricity
generating systems.

Following those reactors, and in the absence of easy enrichment supply, s
few natural uranium gas cooled reactors were erected and operated. In the
ciean time, the CEA was continuing its development towards a fully integrated
fuel cycle industry. Although this should be well known, it may be remembered
that at present the CEA group is able to supply all aspects of fuel cycle
industry, through COGEHA and Eurodif, as well aa reactor engineering and/or
manufacturing through Novatome and Technicatoiue companies.

Although the French GCR revealed very satisfactory safety and economical
performances, and still do so, it appeared, on the occasion of a prospective
study back in 1967, that this type of reactor was structurally limited to
outputs of the order of 600 to 700 MWe only, which capacity was well under
the maximum unit size compatible with the fully interconnected French grid,
and was bearing appreciable penalty on the first establishment cost per KW,
as compared to the light water reactor type.

The economic; difference at that time was about 20 Z, large enough to justi-
fy more precise studies.

Also in the late sixties, it seemed that, and partly due to U.S. vendors
efforts, there was a trend in the rest of world to mark preference towards
water reactors, even if at that time fuel enrichment and reactor know-
how were dependent on a single foreign country. So that, should the French
industry be trying to export, it had to be this type of reactor. Finally,
in 1969, the French government decided to shift nuclear energy generation
towards light water systems.

After more elaborated contacts with the potential French manufacturers, it
appeared that on a short term basis at least the domestic market was insuf-
ficient to allow promotion of several vendors, taking into consideration
the heavy investments needed.

Accordingly, in 1975, the government estimated that it was not economically
realistic to encourage the two existing types of LWR's, and committed EDF
to PWR's from Framatome, a French company which had already been favored
with the SENA and Tihange PWR contracts. At the same time the CEA took some
participation into the Framatome equity, where Westinghouse was already
partner. It may be noted also that, since that era, Framatome and Westing-
house, together with CEA and EDF have been operating an R & D continuing
program on PWR's.
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According to Che present program it may be expected that by the end of 1985
the French nuclear piar.ts will have a capacity of about 40 000 MWe and should
generate 190 TWh, or 50 to 55 Z of the total electricity production of that
year. This will be a saving of 43 aillicn tons of fuel-oil, that is about
20 1 of the overall energy consumption of the nation.

It aay be noted that besides this big effort in order to be released as
auch as possible froa fuel-oil dependence, other efforts have been under-
taken : for instance, in 1979, EDF did use 17 million tons of coal and 11
million tons of oil - thus obtaining the proportion of about one third of
coal, one third of oil, one third of nuclear, as regards thermal generation-,
while it hat', used only 5 million tons of coal, and 14 million tons of oil in
1973. Most of the fos3ile-fired boilers which were rebuilt from coal burning
to oil during years 1969 to 1973 have now been returned - somewhat painfully -
from oil to coal burning.

If one excepts the 1200 MWe LMFBR prototype at Creys-Malville, all units
presently under construction are of the PWR type. The attached table lists
their names, capacities and start-up dates, and at the same type recalls the
already existing French nuclear plants.

The program plans for 5000 to 5500 MWe to be contracted for every year from
1974 through at least year 1981. The table shows that the average delay from
contracting to start up is between 5 and 6 years, although this delay does
not include, in general, the research for sites and initial sample drilling.
Even if such delays might be in fact lengthened by a few months on some
occasions, they are short enough to "keep in command" and avoid detrimental
unbalances in the grid supply.

Such a program seems to be possible only under two major conditions. Firstly :
i:he nuclear boilers, the turbine set, and most of remaining equipments have
to be standardized. And, second, the program has to be notified well in
advance to the main manufacturers, with enough warranty of firm committments
to enable them to plan delays and costs based on realistic series.

Standardization is needed, in order to save studies and time, since it seems
out of question to modify and improve design and manufacturing processes
continuously as regards general lay out, the systems, and/or the equipments,
once one has to bring z new reactor on the line every two months or so.

To obtain standardization, apart from the unicity of the boiler maker,
Framatome, and of the turbine set manufacturer, Alsthom-Atlantique, EDF,
acting as its own architect-engineer, decided to specialize some group on the
nuclear island, an other on the turbine room, and a third one on the balance
of the plant, thus leaving only the necessary site adaptations to the
"regions", which traditionally used to treat the whole project.

As a result, no major difference was necessary along the "900 MWe" line,
which at present totals 34 units when including the six "precursor" units
at Fessenheim and Bugey. One may note however one noticeable difference,
since the 10 most recent units, known as : "Program contract n° 2", are
equipped with "radial" turbine rooms instead of "tangential". From another
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point of view eighteen of the units use cooling towers, and fourteen are on
direct cooling, but obviously this was an anticipated difference.

Apart from well known technical, economical, and delay advantages which result
from standardization, it may be noted also some beneficial influences in
connected domains, such as once-for-all preparation of operating and mainte-
nance procedures, speed-up of licensing process, easier personnel training
and turn-over. The importance of the program, however, poses some difficult
problems, and just to quote one : recruiting plant personnel fast enough and
soon enough.

As regards economics, it appears that in 1979 the KWh generated by the six
900 MWe units already in operation, even if the oldest one is cumulating
less than 6000 h of operation by the end of the year, were produced at
8.7 F.cent/KWh, as compared to 12.7 for coal units and 35.4 for fuel-oil
units, those figures being expressed in "current francs".

Such a comparison shows an advantage of almost one to two for nuclear as
compared to fuel-oil. When dealing with prospective costs, the definition
of which is somewhat sophisticated, they would turn out to be about :
0.13FJ/KWh for nuclear, as compared to 0.23 F.F./KWh for coal and
O.33F.F/KWh for oil.

Thus, atop of its determining advantages based on diversification of energy
sources and release from foreign dependence, nuclear energy happens, also,
to be less expensive.

In conclusion, and despite the fact that this quote may have been already
used before other assemblies, I wou-Jd like to recall the following remark
made by Dr James Schlesinger in August 1979 :

"It is as simple as that : with the availability of hydrocarbons basically
stable, coal and nuclear must grow more rapidly in percentage terms from
their present relatively low base..."

Should such a statement be valid for the resources-rich United States, this
would obviously be the case for a nation like France which presently imports
three quarters of the energy it uses.



FRENCH NUCLEAR POWER PROGRAM

PLANT NAME

Gl (MAKCOULE)
G2 (MAKCOUI.F.)
G3 (MARCOULE)

CHINON A I
CHINON A 2
CHINON A 3

(CHOOZ) (1)
MONTS d'ARREE
PHKNIX

SAINT UURENT A 1
SAINT LAURENT A 2
BUGEY 1
(VANUELLOS 1) (2)

FESSENHEIM 1
BUGEY 2
FESSENHEIH 2
BUGEY 3
BUGEY 4

BUGEY 5
TRICAST1N 1
TRICASTIN 2
GRAVELINES 1
GRAVELINES 2

TRICASTIN 3
TRICASTIN 4
GRAVELINES 3
DAMPIERRE 2
DAMPIERRE 3

REACTOR

TYPE

GCR
GCR
GCK

GCR
GCR
GCK

PWR
HWGCR
LMFBR

GCR
GCR
GCR
GCR

PWR
PWR
PWR
PWR
PWR

PWR
PWU
PWR
PWR
PWR

PWR
PWR
PWR
PWR
PWR

CAPACITY

(HWE)

2
40
40

/u
I OftI a\J

JOU

305
•jn
t U

233
390
450
540
480

900
900
900
900

900
900
900
Qflfl

Qf\f\

900
900
900
900
900

DATE OF INITIAL
OPERATION
(actual or
pi.inned)

1956*
1959*
I960
t 0 A "I
1 yo t

1 Qfi^

I Qfi7

1967
1967
1973

1969
1971
1972
1972

1977
1978
1977
1978
1 Q7Q
i j / y

1979
1980
1980
lQftn

t Qfto
i yo\J

1980
1981
1980
1980
1 OR 1
1 ?O 1

PI \MT lliUL1
t i/\r« i MAPir.

GKAVKLINES 4
DANPIKRRE 4
SAINT LAURENT Bl
SAINT LAURENT B2
B1.AYAIS 1
CHISON Bl
PA1.LT.L 1

BLAYAIS 2
DI.AYAIS 3
BLAYAIS 4
CII1N0N B2
PALUEL 2
CRKYS MALVILLF.

CRUAS 1
CRUAS 2
PAI.UKL 5

CRUAS 3
CKUAS 4
SAINT ALBAN 1
FLAMANVILLE 1
CATTENOM 1

GRAVELINES 5
GKAVEL1NES b
PALUEL 4
SAINT ALBAN 2
FLAMANVILLE 2
CATTF.NOM 2

CHINON B3
NOCENT 1
BELLEVILLE 1
BELLEVILLE 2

REACTOR

TVPP
1 11 r.

PWR
PUR
PWR
PWR
PWU
I'U'K
PWR

PWR
PKR
PWR
PWR
PWR

LMFBR

PWR
PWR
PUR

PWR
PWR
PWR
PWR
PWR

PWR
PWR
PWR
PWR
PWR
PUR

PUR
PWR
PWR
PWR

CAPACITY
(MWE)

900
900
900
900
900
900

1 300

900
900
900
900

1 300
1 200

900
900

1 300

900
900

1 300
1 300
1 300

900
900

1 300
1 300
1 300
1 300

900
1 300
1 300
1 300

DATE OF INITIAL
OPERATION
(actual or
planned)

1981
1981
1980
1981
!98!
!98I
1982

1981
1982
1982
1982
1983
1983

1983
1983
1984

1984
1984
1984
1984
1985

1984
1985
1985
1985
1985
1985

1986
1987
1986
1987

Ul

GCR : Gas Cooled R e a c t o r
PWR : Pressurized Water Reactor
LMFBR : Liquid Hetsl Fast Breeder Reactor
HWGCR : Heavy Water Gas Cooled Reactor

(1) 50 Z France, 50 7. Belgium
(2) 25 2 France, 75 Z Spain
X decotmissioned
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ACHIEVEMENTS OF THE AIF POLICY COMMITTEE
ON FOLLOW-UP TO TMI

Byron Lee, Jr.
Executive Vice-president

Commonwealth Edison
Chicago, Illinois

ABSTRACT

Three Mile Island was an extremely traumatic experience
for the people in the Harrisburg area and for the nuclear
industry. Even though the immediate response to assist
Metropolitan Edison by the industry was outstanding, their
efforts were not as beneficial to relieving the public
concern nor to reducing the impact upon Metropolitan Edison
as their response would indicate. Since those early days,
the entire industry has continued its outstanding effort
to learn as much as possible from that event. There has
been a coordinated industry effort which has resulted in
many immediate, intermediate, and long-term efforts aimed
at reducing the probability of a future occurrence, but at
the same time preparing to respond to any futur vent in
a better manner. This paper will describe some ;: those
events.

It seems like longer than one year ago that the accident
at Three Mile island occurred. That event certainly caught many
of the people in the industry by surprise. But the industry's
response to that event, immediately and near term, was excellent
even though it rcay not have been well organized — and it has
been sustained throughout the year.

I am speaking as the chairman of the Atomic Industrial
Forum's Policy Committee on Follow-up to the Three Mile Island
Accident. I will give a brief overview of the industry's response
first, and be happy to respond to questions later. Finally, I
will concentrate on the AIF Policy Committee's efforts.

The industry response to Three Mile Island has truly
been an all-industry effort involving the coalescence of public,
co-operative, and investor-owned utilities. The industry has
acted fast, decisively, and with unprecedented initiative.

The mechanism through which this all-industry effort
has been coordinated is the "TMI Ad Hoc Nuclear Oversight Committee.1
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It was formed in ApriJ, — within days after the accident — by
the Edison Electric Institute, American Public Power Association,
National Rural Electric cooperative Association, and Atomic
Industrial Forum (AIF). Under the chairmanship of Floyd Lewis,
Chairman of Middle South Utilities, its eight members have received
input from all segments of the nuclear industry and have guided the
overall industry response.

In addition to coordinating the industry's many activities,
the Oversight Committee has served as the industry's liaison with
the White House, with committees of the Congress, and with the
Kemeny Commission.

Industry's immediate response to the accident was to
render help to the TMI site and to begin implementing lessons
being learned there in our plants. Each nuclear utility established
a full-time task force to review every aspect of plant, procedure,
and people. For the findings of the utilities, the manufacturers,
and the NRC to be effectively shared, a number of industry groups
were set up to coordinate these efforts, in addition to the actions
by individual companies, this industry effort focused on five major
areas.

Two of these involved the establishment of entirely new
organizations — the Nuclear Safety Analysis Center, and the
Institute of Nuclear Power operations.

A third organization, a mutual insurance entity. Nuclear
Electric insurance Limited (or NEIL), is being set up to ease the
financial strain on a utility and its customers by covering part
of the cost of replacement power for certain prolonged outages due
to an accident.

Fourth, the industry has prepared a comprehensive
"Emergency Response Plan," the purpose of which is to provide a
pre-planned approach to improving the effectiveness of an emergency
response force.

Fifth, a major public information program has been
launched through a special communications steering committee,
known as the "Committee for Energy Awareness," which reports
directly to the Oversight Committee.

Now i would like to focus on the AIF Policy Committee
effort. The Policy Committee was established by the Board of
Directors of the Atomic industrial Forum, shortly after the Three
Mile Island event. The committee is made up of top level people
from all four nuclear steam supply vendors, from the major
architect engineers involved in nuclear power, plue a broad
representation of officers from utilities with nuclear power plants.
Our membership includes the chairman of several of the existing
Atomic industrial Forums standing committees that cover areas under,
consideration. We also have a representative of the Nuclear Safety
Analysis Center to be sure that we do not duplicate or overlap
effort. The objective of this Policy Committee was to re-ireiw the
major Lessons Learned from Three Mile Island, and attempt to

J
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coordinate the various industry technical efforts, as well as
give guidance to all of the people involved in the nuclear
business, with special emphasis directed toward nuclear
utilities. As you know, there were a whole host of committees
and task forces established following Three Mile island. The
major advantage of the AIF Policy Committee was its high level
membership from a broad industry cross section, our Committee
met for the first time in May, and sorted out all of the various
issues that needed to be considered and reviewed as a result of
TMI. We grouped these issues into seven subcommittees. We
recognized that our Committee could not develop specific
responses nor make commitments for licensees to NRC questions,
so we encouraged the establishment of owners' Groups to respond
to the immediate issues being undertaken by the NRC and being
sent to licensees as bulletin« and orders. Our Committee created
a communications link with Dr. Roger Mattson and his Lessons
Learned Task Force initially and the Action Plan Steering group
later to create an open dialogue between our Committee and our
Subcommittees and the NRC. After our first meeting with
Dr. Mattson and several of the members of his task force in May,
it became apparent that the issues we were considering paralleled
those that the NRC was considering to a great extent. These
issues were then subdivided, as I said before, into seven Sub-
committees of our main Policy committee. Each subcommittee
chairman was a senior member of a nuclear utility, with the
exception of our Subcommittee on Unresolved Generic Safety issues.
This committee was chaired by John Ward, who is the Chairman of
the AIF Subcommittee on Regulatory Interaction, a committee that
has had a great deal of interface with the NRC on these specific
issues. Through the use of these subcommittees we enlarged the
industry involvement. Each of the committees expanded bringing
in people with more specific expertise in the areas being
considered, including people working in various areas of standards.
The purpose of each committee was to develop a general consensus
position in a reasonably short period of time which could hopefully
provide a common basis for individual utility action. Each position
developed by a subcommittee, hopefully allowed or contained
sufficient flexibility to accommodate specific company needs. I
do not intend to cover the details on each subcommittee, but I
would like to talk about two that played a major role in the early
discussions with the NRC and the industry in general.

The first was the operations Subcommittee chaired by
Dick Eckert, Senior vice-president of public Service Electric and
Gas, and co-chaired by Don Vandenburgh, Senior Viae-President of
the Yankee organization. This committee worked very closely with
the people in the NRC Lessons Learned Task Force, who were
discussing the need for additional training and the need to
increase the technical support at operating plants. It was obvious
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to everyone involved that qualifications, training, and practices
at nuclear planta required review and optimization. We had
developed many excellent programs over the years, but their
implementation was not uniform and, therefore, the results were
not as effective as they could have been, one idea that evolved
was the institute of Nuclear Power Operations. The Operations
Subcommittee played a major role in the preliminary scoping of
the institute which has turned out to be one of the most
significant initiatives undertaken by the industry as a result
of Three Mile island. That committee also brought together a
variety of industry people to formulate an industry response to
the most objectionable of the short-term Lessons Learned finally
issued. That item was the need to shut down, immediately shut
down, a plant where a safety system was found to be inoperable.

The second committee that began work very early was
the Emergency Response planning Committee chaired by Warren Owen,
Senior Vice-President of Duke Power. It became apparent to those
of us who were at Three Mile island that the emergency plans
each of the utilities had prepared were inadequate to cope with
this size effort. It also was obvious that it would not take an
accident as significant as Three Mile island the next time to
cause the same kind of public reaction that was seen at Three
Mile island. As a result, Warren Owen's subcommittee formulated
a generic Emergency Response Plan that was patterned after the
organization established and implemented in the latter stages
of the first week at TMI. Several of the primary purposes of
this program will be to catalog specialized disciplines and
skills that exist within the nuclear industry, and to develop
an inventory of available recovery equipment and supplies that
may be needed. We are also developing a mutual assistance
agreement in the event a utility is ever again required to call
upon other members of the industry for assistance. This agreement
will be patterned after a similar agreement the electric utility
industry has had in place for many years in the transmission
and distribution phase of our operations. This program has
worked extremely well for mutual assistance in repairing lines
following a tornado, hurricane, or ice storm.

Starting in the fall, the direction of the Policy
Committee has changed because of the ever shifting target, one
activity our committee undertook was to develop some general
principles and objective* for the overall regulatory process,
since this seamed to be the focus of several of the major reviews.
Our committee, along with members of the Forum's Lawyers Committee,
sent a statement on the regulatory process to the Kemeny commission
and to the Rogovin committee.

Another subcommittee chaired by John Ward developed a
Regulatory Response Plan that has been established to provide the
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NRC with the basis for logical and reasoned regulatory response
as the result of: 1)potential near-term generic significant
safety issues resulting from events at operating plants; 2)new
data front industry-sponsored design analysis or industry research
programs; or information identified by the NRC as a part of the
normal regulatory process. This effort was undertaken to meet
the need for industry and the NRC to act quickly when some
perceived safety issue arises, but yet have adequate knowledge
to act wisely.

The committee has now turned its attention to the new
list of issues originally called the Action plan which evolved
into NUREG 0660. A similar communications link was established
between our Policy Committee and the Steering Group reviewing
the new Action Plan. Throughout all of the discussions and
effort since Three Mile island our committee and ail of the other
industry groups have continually expressed our concern for the
never ending list of issues being compiled, our concern was that
attention was being diverted from the normal activities required
to assure safe operation and construction of nuclear plants, and
from the initial Lessons Learned and corrective actions already
underway as a result, our Committee has made several attempts to
estimate the manpower and dollar impact upon the industry as a
result of the issues being considered. The latest effort of a
subcommittee under Steve Howell from Consumers Power and
Ed Zebroski of NSAC is probably the most comprehensive evaluation,
prioritization, and manpower and cost estimate of the impact of
NUREG 0660 made to date. The conclusions of this outstanding
effort were that this large number of requirements can be
prioritized and reduced by a responsible selection process, and
that this process can lead to a positive increase in overall
safety. It continues to be our Committee's position that before
a massive increase in requirements be undertaken that a realistic
backfittini.T policy be developed for both operating plants and
those under construction. This will require the establishment of
a safety goal to be used to evaluate new requirements. We believe
that the time can be taken to do this because the safety margins
already built into nuclear plants have ROW been increased by the
many actions already taken or under way as a result of the Three
Mile island accident.

Another effort our Committee is presently reviewing is
our involvement in the many rulemaking proceedings which are under
way or recommended as a result of the Action Plan. Along with
KEI, we will try to coordinate and develop the best method for
industry to participate in these proceedings.

That is a brief outline of the AIF Policy Committee's
efforts. We have remained in continuous contact with Floyd Lewis'
Ad Hoc Committee and other major efforts. As a result of all this
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effort there are several major highlights to which we can point.
The response and involvement by all segments of the industry to
the Three Mile Island event has been nothing short of amazing.
I believe that we have had a meaningful dialogue with the NRC.
I believe we have shown that the industry can work together and
is willing to give up individual prerogatives when it is in the
best interest of the industry in total. And, I believe we have
seen an amazing coalition between the investor-owned, public
power., and rural electric co-ops. The industry has learned that
a problem at any plant is a problem at every plant. There is
little doubt in my mind that the entire industry has a much
greater awareness of the potential impact our operation can have
on the public — both real and perceived — and on our individual
companies. I have participated in many meetings aince March 28
with the leaders of this industry, and I know there is a
dedication on the part of everyone to do what is needed to make
nuclear power as near perfect as humans can in order to preserve
it as a necessary and viable part of our energy policy program.

At one time I thought we could preserve the nuclear
option by continuing our tremendous operating record and that
our deeds would win out. Unfortunately, now that will not be
enough because our future is in the hands of the politicians and
bureaucracies, even though all rational people realize that
safety in any area cannot be "regulated into being." we need to
incorporate some rationalization — or realism — into our
thinking. I am cqnfident the industry is ready. I do have some
doubts about certain segments of the Congress and the NRC.

I guess that concern is based upon my experience and
supported by a quote from Senator Bennett Johnston of Louisiana
during a Congressional Committee meeting on the breeder program.
I quote, "One of my greatest frustrations is that we are not
able to do anything any more. I used to think about the French as
sort of high-living, fun-loving, hearty, wine-drinking, joie de
vivre Frenchmen, and I thought of Americans as tough, can-do doers,
and movers and builder*. But it's not that way any more. We are
now bureaucrats, delayers, lawsuit filers, money wasters, studiers,
and anything but builders."

There was one recent ray of hope in the form of the
Government of Pennsylvania's Commission Report which seems to come
to grips with the real problems facing them and their utility.
Unfortunately, they have limited authority to resolve those problems.

We are getting close to what Theodore Levitt of Harvard
warned against, "scholasticism replaces common sense, formalism
supersedes dexterity, organizational routine becomes more tortuous,
and the staff dominates the line. Methods rivet the attention as
much as results. Entropy replaces energy." Gentlemen, I believe
we are there and only a major conservation impact fostered by
rapidly rising energy costs and an unsettled economic situation
has prevented a major energy calamity.
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FIRES - WHAT PLANT LOCATIONS SHOULD WE REALLY PROTECT?

D. L. Berry

Sandia National Laboratories
Albuquerque, NM 87135

ABSTRACT

A fire protection analysis technique was developed from earlier
work involving the protection of nuclear power plants against acts
of sabotage. Characteristics unique to fire phenomena were used to
modify the sabotage analysis methodology. These characteristics
include the effects of fuel loads, ventilation rates, heat loss areas,
barrier ratings, and plant locations. The new fire analysis technique
was applied to an example nuclear power plant having 85 different plant
areas. It was found that some safety and nonsafety areas were both
highly vulnerable to fire spread and important to overall safety, while
other areas were found to be of marginal importance to fire safety.

INTRODUCTION

Nuclear power plants contain numerous systems designed to operate reliably
under various normal and abnormal conditions. Since a fire affecting some of
thesa systems can jeopardize the ability of a nuclear power plant to operate
safely, the U. S. Nuclear Regulatory Commission (NRC) has focused considerable
attention in recent years on assessing the adequacy of power plant fire protection.
Some of this attention has taken the form of regulatory doctrine formulated
from concensus opinion following the Browns Ferry Fire in 1975, while
other work has proceeded with the goal of understanding fire phenomena as they
relate to nuclear power plant conditions.* Despite this common
purpose, however, considerable fire research has been conducted with disjointed
objectives, because of a need for the NRC to answer urgent near-term concerns
regarding plant safety. Although research has been carried out to some extent
for virtually every aspect of fire protection, including detection, suppression,
barrier testing, ventilation control, and hazards analysis, no logical method
has been developed to integrate a knowledge of fire phenomena with information
about the relative vulnerability and safety-importance of particular power
plant systems. Instead, unacceptable fire scenarios have been defined as
being all fires which can occur in a plant area containing or threatening
safety-related equipment, while efforts to prevent such scenarios have focused
on breaking the chain of events leading from initiation to propagation.
Although this approach is basically sound, problems arise in its application.

First, there are several areas where a single uncontrolled fire could cause
system failures leading to a release of radioactive material and other locations
for which it is necessary to have two or more remote simultaneous fires in differ-
plant areas to produce unacceptable consequences. While it may be justifiable
to ignore simultaneous fires in different plant areas as being physically
unrealistic, single fire area vulnerabilities may warrant special attention.
Second, by focusing on safety-related areas, an analyst or regulator may
overlook the importance of a nonsafety area which, because of its location,
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can threaten several safety-related systems. Third, without demonstrating
the actual effectiveness and reliability of measures taken to break, the chain
of events leading from initiation to propagation, neither an absolute nor
relative assessment can be made of the achieved level of fire safety.

One solution to this dilemma would be to adopt a technically defendable
and conservative fire hazards analysis technique which combines a knowledge
of fire phenomena with an understanding of the safety importance of each power
plant location. This paper presents such a technique and demonstrates its
application to actual data derived from a representative nuclear power plant.

METHOD OF ANALYSIS

In earlier work, it was found that an assessment of fire severity can be
made "by performing a deterministic analysis of the adequacy of passive fire
barriers under worst-case fire conditions. The analysis technique presented
in reference 9 systematically combines information about the fuel load,
ventilation rate, heat loss surface area, and fire barrier rating, associated
with each power plant location, in order to establish whether the fire barriers
surrounding a location can contain a fire without the help of an active suppression
system. Figure 1 shows the results of this earlier effort.

«o

AIR RATE Ikg's - mZ OF HEAT LOSS AREA) x 10' 3

Figure 1. Acceptable Fuel Load and Ventilation Combinations Assuming Heat
Loss Into Walls Only.
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The diagonal lines in Figure 1 correspond to fire durations on the basis
of a selected duration and a stoichlometric air balance. For a specified
ventilation rate, increaping fuel load increases fire duration—it takes
longer to burn more fuel. The curved U n a in Figure 1 corresponds to
combinations of fuel load and ventilation rate whose time-temperature histories
just reach but do not exceed the standard time-^temperature curve. For a
specified fuel load, increasing ventilation rates cause the fire temperature
to exceed the standard time-temperature test curve. If a nuclear power plant
safety area has a fuel load and ventilation rate combination lying to the
left of the temperature-limit curve and lying to the right of the governing
fire-duration line, the fire barriers surrounding the room should withstand
total-room fire involvement of all fuel within the room.

In order to use Figure 1, a designer must be able to relate a room1s
actual fuel load and ventilation conditions to the coordinates of the figure.
For fuel load, this can be done by adding up the weight of combustibles in
a room and converting this to fuel combustion energy per unit area of wall
and ceiling. The room floor area should be conservatively excluded, because
cool air entering the fire zone will tend to enter along th<> floor; also the
fuel itself will shield the floor from the hot gases in the room. For ven-
tilation rates, forced ventilation, fire-induced ventilation, or a combination
of both effects must be estimated. Reference 9 presents simplified techniques
for making these estimaf.es.

By using Figure 1 together with a knowledge of a room's wall and ceiling
area, fuel load, and ventilation characteristics, it can be determined whether
fire barriers alone will contain a total-involveraent fire within the area in
question. However, before this analysis technique ran be applied to an entire
power plant, a method must be developed to identify those plant areas and area
combinations whose involvement in a common fire will ultimately degrade enough
plant systems to jeopardize public health and safety.

For several years work has been done to identify the vulnerability of
nuclear power plants to sabotage. By expressing the logical inter-
dependence of plant areas in an overall safety-system fault tree, sabotage
analysis techniques have identified which combixiations of sabotage acts will
lead to radioactive release and which plant ar«as a saboteur must enter to
accomplish the required acts. In an analogous fashion, the effects of fire
on plant safety were analyzed and plant areas both vulnerable to fire and
important to safety were identified. To do this, however, the effects of
different fuel loads, ventilation rates, heat loss areas, and barrier ratings
had to be combined with information about the relative locations of all power
plant areas, including those areas identified through fault tree analysis as
being important to preventing the release of radioactive material from the plant.
The results of this effort are illustrated in the next section for an example
power plant.

EXAMPLE ANALYSIS

In order to carry out the analysis method described previously, the
following must be done:

1. The physical location and orientation of all plant areas must be
determined and presented in a format which expresses adjacencies
between areas and tha types of fire barriers separating areas.
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2. The logical Interdependence of all safety system components
must be expressed In fault trees and then, based on the physical
location of these components, the Interdependence of each
corresponding safety area oust be established.

3. The fuel load, ventilation rate, and heat loss area of each
plant location must be determined through engineering estimates
for new designs or field surveys for existing plants.

4. The area adjacency information, together with the fire hazards
parameters for each area, nu&t be analyzed, in the context of the
location and interdependence of critical safety areas, to establish
which plant areas must contain a fire (i.e., demonstrate barrier
adequacy) and which areas must have an even greater level of pro-
tection (e.g., suppression systems) in order to ensure that a fire
will not cause of release of radioactive material to the environment.

These steps were carried out for an example power plant containing 85 fire
areas, and the results are shown in Figure 2 as a fire spread adjacency matrix.

The information in Figure 2 was used to determine all areas that can be
involved in a common fire starting in any area of the plant. For example,
a fire starting in Area Dl can spread to D2, from there to CIO, C15, C21, and
C36 and from these areas to many others. A computer code was developed to
carry out the systematic enumeration of all fire spread paths, and it was
found that under the conservative assumptions used in the fire spread model
and in the absence of fire suppression measure , fires starting in most of the
plant areas can spread to most other areas.

In conjunction with the fire spread analysis, detailed fault tree was
developed for the example plant in order to identify the combinations of areas
whose involvement In a common fire would result in off site release of radio-
active material. The fault tree analysis results are summarized in Table I.
Table I indicates that a fire in Area Al could initiate a sufficient set of
events to cause a radioactive release, or a release could result if a fire
burned both Dl and D2 or Dl and C15, and so on for other combinations in
Table I.

It can be seen that, if at least one area in every combination in Table I
is protected against fire, then no fires can occur which could result in a
radioactive relaase from the plant. In this context, protection means that,
within single area vulnerabilities, fires must be suppressed before damaging
enough equipment to jeopardize safety, while for multiple area vulnerabilities
fire must l>e prevented from entering or leaving at least one area of a com-
bination. A sufficient set of areas to protect can be determined by taking
the Boolean complement of the fault tree equation for the plant. When this
was done for the example plant, it was found that protection of the fourteen
areas listed in Table II, including the eight single areas shown in Table I,
will eliminate all fire paths that could cause radioactive release.

The requirement for protection of the single areas implies that active
suppression systems will be needed in at least the eight single areas, while
protection of the other six areas in Table II can be accomplished by assuring
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Figure 2. Fire Spread Adjacency Matrix.
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TABLE I: Combination* of Area* for Which a CoMon F ire Could I n i t i a t e
Release of Radioact ive Material From the P l a n t .

AREA COMBINATIONS

Singlet

Al
A23
A28
A29
A30
C27
n
RB

Note : * - l o g i c a l AND

Multiples

A15 * C9
as * a.6
a * as
C9 * Q5
A14 * Q5

* a6
* D2
* D2
* D2

D2
OL
C9
A14

ao * i
C9 * a o
Ai4 * a o
A17 * A18
A13 * A15 * Q 6
A13 * A15 * Dl
A13 * A14 * A15
F2 * F3 * Fo * F7

ao * a6

TABLE II: Areas Requiring Protection

Al
A23
A28
A29
A30
C27
Fl
RB

A15
A17

ao
a 5
D2
F6
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that fires cannot spread into or out of these are**. To «1 L*lft«,t« potential
t ire spread paths which could threaten the areas in Table I I , thct barriers
surrounding each area can be upgraded to withstand fire* In adjacent areas
or the fuel loads and ventilation rates in adjacent areas can be adjusted
so that Clre severities arc reduced.

The Information obtained in this analysis Makes i t possible to protect
a subset of safety-related plant areaa and s t i l l assure that a l l fire paths
that could threaten safety have been ell«i™ted. The fourteen safety-related
areas l isted in Table II represent a sufficient set of sreas to protect, but
not necessarily the mlnlaua set requiring protection. It eight be possible
to break a l l fire paths of concern by protecting a smaller set of areas which
Includes non-safety areas tlurough which fire must spread in order to reach
the cr i t ica l combination* of safety areas. Work i s continuing on a refine-
ment of the analysis method that wil l eliminate a l l f ire spread paths Important
to safety by protecting a minimum set of safety and non-safety areas*

i
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ABSTRACT

Bayesian analysis is employed to derive distributions for
the frequency of fires in the control room, the cable spreading
room, the Diesel room, the containment, the turbine building
and the auxiliary building. The mean frequencies (per compart-
ment year) are: control room: 4.1x10'3; cable spreading room:
7.2x10-3; Diesel room: 1.9xlO~2; containment: 1.6xl0~2; turbine
building: 3.2x10-2; auxiliary building: 3.4xl0"2. The dis-
tributions are determined mainly by the statistical evidence
and they are insensitive to the particular choice of the prior
distribution, as long as the latter represents vague prior
knowledge.

INTRODUCTION

The purpose of this paper is to develop distributions for the frequency
of fires in LWR compartments. These distributions can, then, be used as
inputs to a fire risk analysis, which will analyze the effects of these
fires on the accident sequences that may lead to core meltdown.

The analysis is Bayesian [l-2]. The frequency of fires is treated as
a random variable and its distribution expresses our current state of
knowledge about the values of that frequency. An important factor that shapes
our state of knowledge is the observed frequencies in the past. Thus, a
significant part of the work is to investigate the available statistical
experience and to decide what information it contains. We then use Bayes'
theorem to formally incorporate this experience in our body of knowledge
and we compare the results with those of the frequentist approach. As
expected, the available statistical records are not strong enough to give
us a satisfactory distribution lor every compartment in a nuclear plant.
Therefore, the analysis includes some modeling and the user of the
distributions must fully understand what they mean. The final section of
the paper contains a discussion of the distributions and how they ought
to be used.

Partially supported by the U.S. Nuclear Regulatory Commission, Probabilistic
Analysis Staff.

L
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DATA

Fire is a magnitude-frequency phenomenon, like earthquakes, tornadoes,
etc. By this we mean that, to describe accurately the events, we need their
frequency of occurrence and a measure of their magnitude (severity). For
example, for earthquakes a well-defined scale for the magnitude is the
Richter scale. Unfortunately, such a scale has not yet been established
for fires. This lack of a measure for the magnitude of fires necessarily
introduces a certain degree of fuzziness into the analysis. The data that
are available in the literature are usually compiled from reports to
organizations like the Nuclear Regulatory Commission (NRC) and American
Nuclear Insurers (ANI). While the NRC requires the reporting of fires that
in some way affect the safety of the plant, ANI has more stringent require-
ments in the sense that all fire events must be reported [3]. It is still
not clear, however, that indeed all the potentially significant events are
reported and what constitutes an insignificant fire.

Ref. 4 presents the fire experience from U.S. nuclear plants untix
May 1978. The data are collected from the abnormal occurrence reports to
the NRC. One-page summaries of each incident are given and the average
rate of occurrence of fires anywhere in the plant during operation is
calculated to be 0.13 per reactor year (49 fires over 372 ry). This average
rate is consistent with the earlier estimates of 0.12 ry~* [5] and 0.10
ry-1 [6].

The data reported in [3,7-8] are collected from reports to ANI. Incidents
in all nuclear facilities are classified in several ways, e.g., according
to the location of occurrence, the mode of suppression, the cause of fire,
etc. These reports will be the basis from which the data that we need will
be extracted.

We are interested in LWR compartments. An examination of the data
reveals that there are essentially two difficulties impeding the straight-
forward use of the data. First, the population from which the data have
been collected is not always available. While we do know that the data cover
a period of 337 ry (as of 5/1/78) this is not always sufficient information
for meaningful inferences, as we shall see shortly. Second, we do not have
information about every individual compartment, therefore, we must occasionally
use classes of compartments that will be treated as being more or less similar
as far as the fire occurrence rate is concerned. Table I shows the statistical
evidence. The room years were calculated from [9] and the Final Safety Analysis
Reports.

The total number of fires is 37. To compare our data with the estimates
cited earlier, we calculate the average frequency of fires r>er reactor year,
i,e., 37/337 = 0.11. This average rate is consistent with the estimates given
earlier.

BAYESIAN CALCULATIONS

We must now construct the distributions of the frequency of fires, in
the various areas that we have identified. The fundamental tool that enables
us to incorporate the statistical evidence that we have assembled in our state
of knowledge is Bayes1 theorem, which we write as

0
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TABLE I. Statistical Evidence of Fires in LWRs
(As of May 1, 1978)

Area

Control Room

Cable Spreading Room

Diesel Generator Room

Containment

Turbine Building

Auxiliary Building

Number of Fires
r

1

2

10

5

9

10

Number of Relevant Years
T

288.5

301.3

543.0

337

295.3

303.3

where

ir'(X/E): probability density function of X given evidence E (posterior
di.stribution)

ir(X): probability density function of X prior to having evidence E (prior
distribution)

L(E/X): probability of the evidence given X (liklihood function).

A good model for the occurrence of fires is the Poisson distribution,
i.e., the likelihood function is

L(E/X) = e
-XT (XT)r

r:
(2)

where r and T are given in Table I.
The prior distributions should reflect our state of knowledge prior to

obtaining the evidence contained in Table I. That knowledge, we feel, is
vague. While we know that the frequency of fires in reactor compartments
cannot be large, say 10 per compartment year, we are unable to say with high
confidence what the values of this frequency are. Therefore, the prior
distributions will be diffuse over a wide range of possible values of X.
At this point, there is no compelling reason for us to choose a particular
family of prior distributions. However, to facilitate the calculation of
the integral in Bayes' theorem, we choose the gamma family of distributions,
which is conjugate with respect to x.ae Poisson distribution, i.e., the
posterior distribution is also a gamma distribution. The gamma distribution is

(X) X01"1 exp(-gX) (3)

where a and $ are the two parameters of the distribution. A consequence of
Che conjugate property is that ir'(X/E) is also of the form of Eq. (3) with
pai'ameters <xf = ot+r and 3'= $+T.
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The prior knowledge is represented by the pair (a, 3) and the evidence
by (r,T)• The greatest possible ignorance is represented by the values ot=O
and (3=0 [1], in which case ir(X) is proportional to X"1 (this is equivalent to
saying that tnX is uniformly distributed over the whole real 1ine). For our
purposes, we feel 'chat the distribution of complete ignorance does not give
appropriate weight to values of X in the neighborhood of 1 per compartment
year, therefore we will use slightly more conservative prior distributions.

For the control and cable spreading rooms we take a = 0.182 and
3 = 0.96 which give a gamma distribution with characteristic values:

XQ5 = 5x10" ; X5Q = 1.5x10 ; XQ5 = 1.0 ; <X> = 0.21 mean value

For the other rooms we wish to give more weight to higher values of X
and we choose a = 0.32 and 3 = 0.29. The prior distribution has characteristic
values

XQ5 = 2.1X10"
4 ; X50 = 0.30 ; X95 = 5 ; <X> = 1.11

These distributions cover a wide range of values for the frequency of
fires, thus expressing our vague prior knowledge.

We can now use Bayes1 theorem to derive the posterior distributions
for each area using the evidence if Table I. The results are shown in
Table II.

We observe that the evidence reduces the dispersion of the prior
distributions significantly. For example, even for the weakest evidence
(control room, r=7., T=288,5) the 90% interval of the posterior distribution
is (3.1xlO~4, 1.2xl0-2) while that of the prior distribution is (5x10-8,1.0).
Figures 1 and 2 show the prior and posterior distributions.

SENSITIVITY ANALYSIS

To test the effect of the particular form of the prior distribution
that we have used on the posterior distributions we repeat the calculations
with lognormal prior distributions. The lognormal distribution is

. ~ i _ exP [- - ^ H I - ] (4)

where u and a are its parameters.
For the cable spreading and control rooms the new prior distribution is

lognoriiial with y = -4.2 and a = 2.55 having the following characteristic values:

XQ5 = 2a2xl0"
4 ; X5Q = 1.5xlO~

2 ; Xg5 = 1.0 ; <X> = 0.39

i.e., the distribution has the same \-Q and Xgs as the original gamma prior
distribution, but it is less dispersed. Its snape is shown in Fig. 1.

The Bayesian calculations must now be carried out numerically, because
the lognormal distribution is not conjugate with respect to the Poisson
distribution, which still serves as. the likelihood function. Table III
compares the posterior distributions.



TABLE II. Distribution of the Frequency of Fires
(events per room year)

Area

Prior

LiOucroi Koom
Posterior

Prior

Posterior

Prior

Diesel" Generator Room

Posterior

Prior

Containment

Posterior

Prior

Turbine Buildinc ••- •

Posterior

Prior

Auxiliary Building
Posterior

a

0.182

1.182

0.182

2.182

0.32

10.32

0.32

5.32

0.32

9.32

0.32

10.32

B

0.96

289.46

0.96

302.26

0.29

543.29

0.29

337.29

0.29

295.59

0.29

303.59

X05

5xlO"8

3.1xl0"4

5xlO"8

1.4xlO~3

2.1xl0~4

1.lxlO"2

2.1xl0"4

6.2xl0"3

2.1xl0"4

1.7xl0"2

2.1xl0"4

1.9xlO"2

X50

1.5xlO"2

3.0xlO~3

l,5xlO~2

6.2xl0"3

0.30

1.8xlO"2

0.30

1.4xlO~2

0.30

3.0xl0~2

0.30

3.3xl0"2

X95

1.0

1.2xl0"2

1.0

1.7xl0"Z

5,0

3.0xl0~
2

5.0

2.8xlO"2

5.0

5.0xl0"2

5.0

5-3X10"2

<\>

0.21

4.1xlO"3

0.21

7.2xlO~J

1.11

1.9xlO"2

1.11

1.6xlO"2

1.11

3,2xlO"2

1.11

3.4xlO"2

&>
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Table III. Comparison of Posterior Distributions
for Gamma and Lognormal Prior Distributions.

Area

Control Room

Cable Spreading
Room

Gamma

Lognormal

Gania

Lognormal

X05

3.1xlO"4

5.2xlO~4

1.4xlO"3

1.6xlO"3

X50

3.0xlO"3

3.3xlO"3

6.2xlO"3

6.1xlO"3

X95

1.2xlO"2

1.2xlO"2

1.7xlO"2

1.6xlO"2

4.1xlO"3

4.3xlO"3

7.2xlO"3

7.1xlO"3

We observe that the use of a lognormal prior distribution does not
significantly affect the posterior distributions. This is to be expected,
because both prior distributions represent a fairly vague prior knowledge,
thus the posterior distributions are dominated by the statistical evidence.

For the other rooms the lognormal prior distribution is chosen with
parameters y - -1.20 and a * 1.71. Its characteristic values are:

0̂5 1.8xlO"2 ; l50 0.30 5.0 = 1.3

Again, the posterior distributions are insensitive to the new prior
distribution. For example, for the turbine building we get

= 1.7xl0"2
50

3.0xl0"2 ; X
95

= 5.0xl0"2 = 3.2xlO"2

COMPARISON WITH FREQUENTIST RESULTS

We demonstrate here that, since our posterior distributions are dominated
by the statistical evidence, the methods of frequentist statistics give satis-
factory results. We use as examples the control room (weakest evidence) and
the turbine building.

The maximum likelihood estimate of the frequency of fires is

* = £ (5)
and it is to be compared with the mean value of the posterior gamma
distribution

a1 a+r C6)

Eq. (6) shows that when the evidence (r,T) dominates the prior knowledge
(a,3) the two estimates of Eqs. (5) and C6) will be approximately the same.
Numerically we get
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Control Room

X = 288.5
= 3.47x10

-3

Turbine Building

3.05x10
-2 9.32

295.59

4.08x10
-3

= 3.15x10
-2

As expected, the agreement in the case of the turbine building (stronger
evidence) is better, although, for the purposes of risk analysis the agree-
ment of the estimates in both areas is satisfactory.

We next compare confidence intervals. The classical 90% confidence
interval for X is [10]

xct/2(2rJ l-ct/2
(2r+2)

2T~

where x (2r) is the lOOotth percentile of a chi-square distribution with 2r
degreesaof freedom. In the present case a=0.10 and we get

Control Room

X 2
 05(2) = 0.103 , Xo-95C4) = 9.43 ; 1.8xlO"4 <X< 1.6xl0"2

-4 —2
Bs:vesian i n t e r v a l : 3.1x10 - 1.2x10
Turbine

x0.05
-2 -2

Bayesian interval: 1.7x10 - 5.0x10

9' 3 9' x0.95 ( 2 0 ) = 3 1* 4 5.3xlO"2

The agreement is, again, better for the turbine building. Even though
the frequentist and Bayesian intervals are approximately the same their
interpretation le fundamentally different. In the Bayesian approach the
frequency X is treated as a random variable and the probability that its
value is in the stated interval is 0.90. In the frequentist approach, X
has a fixed but unknown value and the interval itself is random. If we
envision many samples over the same period T and calculate the confidence
intervals, then 90% of these intervals will contain the unknown value of X.

DISCUSSION

We have derived distributions for the frequency of fires in LWR rooms.
First, we determined what the statistical evidence was. We recognized that
the number of reactor years was not the appropriate information for all
the compartments, because it did not always coincide with the number of room
years. Second, we admitted that the lack of a rigorous measure for the
severity of fires introduced a certain degree of fuzziness into the analysis.

We, then, formally incorporated the statistical experience into our
knowledge via Bayes' theorem. The prior discributions were chosen to
represent a vague prior knowledge, consequently, the posterior distributions
were dominated by the statistical evidence. The effect of the evidence was
to considerably reduce the dispersion of the prior distributions. A further
consequence was that the methods of frequentist statistics gave numerical
results that were close to those of the Bayesian analysis, although the
interpretation of these results was different.
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The lack of detailed information necessitated the derivation of
average distributions for the containment, the turbine building and the
auxiliary building. The frequency of fires in specific compartments
within these buildings is expected to be lower than suggested by the
distributions and, in this sense, these distributions are conservative.

As new statistical evidence is gathered (for times after 5/1/78)
the distributions of this paper can be updated by a straightforward
application of Bayes' theorem.
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PRE-FIRE PLANNING FOR NUCLEAR POWER PLANTS

Joseph H. Talbert, P.E.
The FPE Group

West Chicago, IL 60185

ABSTRACT

Regardless of the fire prevention measures which are taken, plant experi-
ence indicates that fires will occur in a nuclear power plant. When a
fire occurs, the plant staff must handle the fire emergency. Pre-fire
planning is a method of developing detailed fire attack plans and salvage
operations to protect equipment from damage due to fire and fire fighting
operations.

This paper describes the purpose and use of a pre-fire plan to achieve
these goals in nuclear power plants.

INTRODUCTION

A fire or an explosion in a nuclear power plant can endanger the safety
of the plant personnel and the public. It can cause significant property
damage to the plant, and cause a significant interruption of power produc-
tion.

Pre-fire planning is a tool designed to minimize these adverse effects by
developing and implementing a plan to cope with a fire or an explosion
before an incident occurs. The plan can be used to train plant staff in
the best method to attack and extinguish the fire and to develop salvage
plans to minimize fire damage.

Regardless of how effectively a nuclear pover plant's fire prevention pro-
gram operates, past experience indicates that fires will occur. Through
December, 1975, 32 fires in operating nuclear power plants in the United
States had been reported to the Nuclear Regulatory Commission (NRC).
These fires occurred over an operating experience of approximately 250
reactor-years, implying a frequency of about one fire for every 10
reactor-years of operations [lj. As of June 30, 1979, there were 222
nuclear power plants in operation throughout the world. This indicates a
frequency of approximately 22 fires worldwide during 1979.

In addition to the frequency of fires which may occur, the severity of
fires which may occur must be considered. Loss statistics gathered by the
American Nuclear Insurers indicate the likelihood that a fin. will involve
some safety-related equipment is relatively high. In the 158 BWR and PWR
power plant fires reported, approximately 9Z involved fires which negated
the safety-related function of certain equipment. An additional 16% of
the fires reported involved a potential loss of a safety-related function;
that is, a fire occurred which could have damaged safety-related equipment
if the fire had not been detected and extinguished rapidly. Together these
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statistics indicate that approximately 25% of the fires which have occurred
to date presented some potential for safety-related nuclear consequences
[2].

Because it is impossible to prevent all fires, and because a relatively
high percentage of fires have or potentially could have involved safety-
related equipment, it is prudent for the operators of the nuclear power
plant to plan emergency actions to be taken in the event of a fire.

The lack of adequate planning prior to a fire or explosion can cause sig-
nificant increases in the property loss, the length of power production
interruption, and the potential for loss of life or exposure of the pub-
lic to radioactive contaminants.

CASE HISTORIES

Some case histories of fires in nuclear power plants have exhibited the
following important problems.

1. Delayed Alarm Notification

A worker who caused a fire attempted to extinguish the fire before
sending an alarm. The alarm to che control room was delayed by 15
minutes because of this action.

2. Fire Protection Systems Locked Out of Service

A manually-actuated CO2 total flooding system was out of service
when a fire occurred.

3. Inadequate Fire Brigade Organization

In one fire incident there was no established fire brigade leader.

4. Incompatible Hose Threads on Plant and Fire Department Equipment

When an off-site fire department responded to a plant, the fire
department nozzle had different threads than the plant fire hose.

Adequate pre-fire planning in each case would have identified these prob-
lems before a fire occurred. The plant management could then have cor-
rected these problems prior to an emergency at the plant.

Case Histories of two fires at c fossil-fueled power plant, one prior to a
pre-fire planning program and training of employees and the other fire oc-
curring after the pre-fire planning and training program was established,
indicated the value of pre-fire planning.

In the first incident, the plant personnel did not use water to control
an electrical cable fire. An off-site fire department was called and
responded but the fire burned for 30 minutes before the fire department
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arrived and extinguished the fire. Direct Property Damage was estimated
at $50,000 and the plant was shut down for approximately one week.

In the second incident, the plant personnel utilized manual water hoses
to control and extinguish a similar electrical cable fire with minimal
damage and no plant shutdown due to the fire.

REGULATORY REQUIREMENTS

The NRC regulatory guides and memoranda require training for fire brigade
members and assisting off-site fire departments. Reg. Guide 1.120 Item
C. 2.e. (2) and (3) require that fire brigade members must be assigned
responsibilities and duties during fire emergencies, that brigade members
be familiar with the plant layout, and that the plant fire brigads and the
off-site assisting fire department should participate in annual drills at
the plant.

The Standard Review Plan (SRP) Section 13.2, "Training" (NUREG-75/087)
gives additional details concerning fire brigade training needs in Item
II.6. This s-.ct-.ion requires, among other items:

1. Identification of fire hazards

2. Location of installed fire-fighting equipment and access and egress
routes to each fire area

3. Proper use of available equipment and the correct method of fighting
each type of fire

4. Individual employees' assignments and responsibilities

An internal NEC memorandum authored by Mssrs. Matthews and Ferguson titled
"Nuclear Plant Fir^ Protection Functional Responsibilities, Administrative
Controls, and Quality Assurance", dated Tune 20, 1977, reiterates the same
basic training requirements in Attachment No. 2 of that memorandum.

MANAGEMENT RESPONSIBILITY

According to the NRC guidelines, the purpose of pre-fire planning is to
prevent fire from causing damage to safety-related equipment which could
prevent safe shut dc**n of the plant, or potentially cause an uncontrolled
radioactive release. However, confining the development and use of a pre-
fire plan to only safety-related areas will not provide the utility with
adequate protection from proparty loss or from interruption of power pro-
duction. To provide this protection, the pre-fire plan should be extended
to all major portions of the plant.
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DEVELOPMENT OF A PRE-FIRE PLAN

A pre-fire plan should consist of several items including: the type and
location of combustible materials, the type and location of potential ig-
nition sources, and the type and location of fire detection, alarm, com-
munications, and suppression equipment.

It is desirable to develop an individual pre-fire plan for each major fira
area or fire zone which poses the potential for a severe loss, either eco-
nomic or safety-related.

In addition, the pre-fire plan should predict the maximum fire spread
which is likely to occur before the fire brigade can reach the scene of
the fire.

Finally, the pre-fire plan should recommend a fire attack plan which will
enable the fire brigade to successfully approach, attack, and extinguish
the fire. This plan should allow enough flexibility for the fire brigade
to attack fires even under unexpected conditions.

The attached form is a typical form which can be used to develop a pre-
fire plan for each fire area in a plant.

In addition to the pre-fire plan for each individual fire area, an over-
all plan should be prepared for the plant as a whole. The overall plan
should include procedures for notifying the off-site fire department of
fires, the proper procedure for entry into the plant, procedures for is-
suance of radiation badges to firefighters, and plans for cooperation be-
tween the plant fire brigade and the off-site fire department.

USE OF A PRE-FIRE PLAN

A pre-fire plan is a management tool for training the plant fire brigade,
the off-site fire department, and other plant personnel in the proper
method to attack ~nd extinguish fires at specific fire locations. The
plan should set out the means of access to the fire, the anticipated fire
spread, the fire extinguishing methods which should be used, the location
of fire extinguishing equipment in the fire area, and the equipment which
is easily damaged by fire, smoke or water.

The plan should be used to familiarize fire brigade members during the
quarterly classroom training sessions, and especially during the annual
(or more frequent) hands-on drill sessions for fire brigade members and
off-site fire department personnel.

CONCLUSIONS

A pre-fire plan is a management planning and training tool which should be
prepared for each critical area of the plant where a fire could cause
severe property losses, interruption of power production, or failure of
the plant to shut down safely. Fire brigade members and off-site fire
department personnel should te trained and drilled using the pre-fire plan
as a basic training aid.
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PRE-FIRE PLANNING FORM

1. FIRE AREA:

2. MAJOR EQUIPMENT:

3. POTENTIAL FIRE CAUSES:

4. SPECIAL HAZARDS ASSOCIATEC WITH A FIRE IN THIS AREA:

5. EXTINGUISHING AGENTS AVAILABLE:

A. Portable Fire Extinguishers

B. Manual Fire Hose
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C. Fixed Fire Suppression Systems

Location of Control Valves

6. LOCATION OF COMMUNICATIONS EQUIPMENT:

7. LOCATION OF SELF CONTAINED BREATHING APPARATUS:

8. RECOMMENDED PATHS OF ACCESS AND EGRESS FOR FIRE BRIGADE:

9. LOCATION OF FIRE FIGHTING EQUIPMENT LOCKER:

10. LOCATION OF ACCESS POINT FOR OUTSIDE FIRE FI3HTING PERSONNEL:

11. LOCATION OF NEAREST HYDRANT FOR FIRE FIGHTING OPERATIONS:

12. DIAGRAM OF FIRE AREA:

13. FIRE ATTACK PLAN FOR THIS AREA:

14. SALVAGE PLAN FOR THIS AREA:
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Fire Protection Research Program at Sandia Laboratories

Leo J. Klamerus
Systems Safety Technology Division 4442

Sandla National Laboratories
Albuquerque, New Mexico 87185

ABSTRACT

Sandia Laboratories is executing a program for the Nuclear
Regv'.atory Commission to provide data needed for confir-
mation of the suitability of current design standards
and regulatory guides for fire protection and control
In water reactor power plant3. This paper summarizes
the activities of this ongoing program through December
1979. Characterization of electrically initiated fires
revealed a margin of safety in the separation criteria
of Regulatory Guide 1.75 for such fires in IEEE-333
qualified cable. However, tests confirmed that these
guidelines and standards are not sufficient, in them-
selves, to protect against exposure fires. This paper
describes both small and full scale tests to assess
the adequacy of fire retardant coatings and full scale
tests on fire shields to determine their effectiveness.
It also describes full scale fests to determine the
effects of walls and ceilings on fire propagation between
cable trays* Some small-scale scoping tests have been
conducted to investigate the effects of varying the
furnace pressure on cable penetration performance tn
the ASTM-E-119 Tire Test. A facility has been completed
which will be used to assess the effectiveness of various
suppression systems in extinguishing large-scale cable
tray fires.

INTRODUCTION

The Office of Nuclear Regulatory Research of the United States
Nuclear Regulatory Commission is conducting confirmatory research
in areas considered important to protecting the health and safety of
the public. Fire protection, established by NUREG-0050, "Recom-
mendations Related to Browns Ferry Fire," is one area of such
research•

The objectives of the Fire Protection Research Project at
Sandia Laboratories are to:

(1) provide data either to confirm the suitability of
current design standards and regulatory guides for
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fire protection and control in light water reactor power
plants, or to indicate areas where they should be updated;

(2) obtain ̂ ata to facilitate either modification or genera-
tion of standards and guides (changes are to be made
where appropriate to decrease the vulnerability of the
plant to fire, provide for better control of fires,
mitigate the effects of fires on plant safety systems,
and remove unnecessary design restrictions);

(3) Obtain fire effects data and assess improved equipment,
design concepts, and fire prevention methods that can
be used to reduce vulnerability to fire.

Cable-Tray Separation

In support of some of the provisions of \RC Regulatory Guide
1,75 "Physical Independence of Electric Systems," tests were con-
ducted at Sandia with varying separation distances to determine
the minimum separation necessary for cables most susceptible to
fire. Vertical separation distances from 152 cm (5 ft) down to
26.7 cm (10.5 in) and horizontal separation distances from 91 cm
(3 ft) down to 20 cm (9 in) were tested. For electrically initiated
fires in a horizontal open-space configuration, It was determined
that a fire will not propagate from the ignited tray to adjacent
trays. These tests were conducted with fire retardant 12-gage
single-conductor and 12-gage triplex wire, utilizing both uniform
and random-pattern cable packing.

Tests were also conducted with an experimental exposure (fuel)
fire. The obje;ti> a was to determine whether cable-tray separation
alone is sufficient to prevent fire propagation between trays and
between redundant safety divisions if an exposure fire resulted in
a fully developed cable-tray fire.

The type and size of the worst-case exposure fire that must
be considered for licensing are based on a fire-hazard analysis and
will vary from plant to plant. Accordingly, no attempt was made to
define a design-basis fire for the exposure-fire tests. Single-
tray tests were conducted to find a reasonable set of conditions
that would result in a fully developed cable-tray fire. The ex-
perimental exposure fire was then used in all full-scale cable-tray
exposure-fire tests. Propane burners were used to start an exposure
fire in one tray, with a barrier placed between it and the tray
above. When a fully developed fire was obtained in the firet
tray, the burners were turned off and the barrier was removed.
This method allows experimental study of fire propagation from
tray to tray under specific conditions and without the exposure
fire affecting the other cable trays.

As noted above, a series of tests were conducted on arrays
of cable trays, wit'i both electrical and exposure-fire initiation.
An array of 14 closely spaced cable trays was used to simulate
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a single safety division. Simulated redundant safety divisions
were separated by the required 152 cm (5 ft) vertical and 91 era
(3 ft) horizontal distance. The principal conclusion was that
a fully developed fire in the bottom cable tray of a stacked
stray may propagate to a redundant safety division without fire
suppression systems (as expected). On the other hand, electrically
initiated fires do not propagate because they do not result in a
fully developed cable tray fire.

In order to determine the characteristics of a cable-tray
fire in cable tunnels or in areas where structural walls are
close enough to the tray to influence the fire, some of the tests
were repeated to include the effect of walls and ceilings. The
preliminary indication is that there is a greater chance of fire
propagation under these conditions than with a similar configuration
in an open area. It was shown that both the weight loss and
heat flux at the top tray follow an inverse square law relationship.

In typical plant installations, cable trays are oriented ver-
tically at some locations and in others are oriented both ver-
tically and horizontally. Vertical cable trays have been and
will be tested in both the open-space configuration and with walls
and ceilings close enough to affect the fire.

The first full-scale vertical fire test was to demonstrate
the effectiveness of a ceramic fiber blanket and automated fire
suppression system to protect cables in a vertical cable tray
configuration that is currently permitted by separation criteria
guidelines. An open pool fire fueled by liquid hydrocarbon
[0.008 m3 (2 gal) of heptane] was used.

Three open-head sprinklers were located above the trays and
connected to a separate manually operated water supply. Three
dummy sprinkler heads without connection to the water supply were
suspended near each open head. During the test the three dummy
heads were monitored electrically to determine the times at which
the fusible links were activated. In order to bracket the allowable
response times, it was intended that only after activation of
all three dummy heads in one xcration would the water system
be manually operated. Two smoke detectors were also located in
the test area.

The fire burned for about 40 minutes with the ionization
detector activating at 11 sec and the photoelectric detector
activating at 14 sec. Two of the fusible links at the closest
sprinkler location activated (one et 52 sec, the other at 54 sec)
but the third did not activate at all, consequently, no water
was supplied. At 3 rain 13 sec, a short circuit between conductors
was indicated. At 3 min 55 sec, erratic measurements were recorded
for the conductors in another tray indicating the existence of
intermittent short circuits. In all cable trays except one,
thermal damage of cables was observed near the base [8 to 15 cm
(3 to 6 inches) above the fire pan]•
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Effectlveness of Fire Shields

Sandia Laboratories has completed a series of test3 using
different fire shields:

— ceramic wool blanket over ladder tray

solid bottom tray with no cover

- solid cover on ladder tray with no vents

vented cover on solid bottom tray

2.54 cm (1 in) fire barrier (thermal board) between trays
and using single and double tray configurations as well as
electrical cable which passed the IEEE Std 383-1974 flame
retardancy test and cable which did not pass this test.

The results of the tests showed that all fire shield designs
of fered some protection. None of the cable which passed the flame
retardancy test in IEEE Std 383-1974 igniceJ. It is possible
to ignite the cable which did not pass this flame retardancy
test; however, no propagation was observed past the fire shields.

Experiments are planned to study the methodology for testing
the fire retardancy of seals and penetrations. Seme small-scale
scoping tests have been conducted to investigate the effects of
varying the furnace pressure on cable penetration performance
in the ASTM-E-119 Fire Test.

Effectiveness of Fire-Retardant Coating Materials

The objective of this program is to provide Information on
the effectiveness of fire-retardant coating materials when used
in typical cable-tray installations.

A survey of coating materials available for use in cable
trays was initiated in August 1976. Generic types were chosen
for testing and evaluation in small- and large-scale cable systems
tests. Small-scale tests on basic coating properties have been
conducted by using six coatings and two cable types. Full-scale
tests were conducted using both single and double trays.

Whi1.e the results showed that all coatings offer a measure
of additional protection, there was a wide range in the relative
effectiveness of the different coatings tested. No propagation
to the second tray was observed in ary of two-tray tests in which
cable that passed the IEEE Std 383-l<74 test was used. (Propagation
was observed in three tests involving cable which did not pass
the IEEE Std 383-1974 test.) Overall, a good correlation was
obtained between small-scale and large-scale tests.



Figure 1, Cable Trays and Conduit
loaded with Qualified
Cable for Full Scale
Exposure Fire Test.



Figure 2. After Test.
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RISK ASSESSMENT OF MAJOR FIRES
IN AN HTGR PLANT

Karl N. Fleming
General Atomic Company

P.O. Box 81608
San Diego, California 92138

ABSTRACT

The HTGR Risk Assessment Study [1] has been extended to
include major fires as initiating events. The major aspects
of this study have included the development of methodology,
the collection and interpretation of fire experience data and
the application of these methods and data to an HTGR plant.
Qualitative and quantitative methods were derived to screen
a nuclear plant layout anrf identify important fire locations.
A fire propagation model was used in conjunction with exper-
ience data and detailed fault tree analyses to estimate
common cause failure probabilities associated with a spectrum
of potential fires. It was determined that fires make a signi-
ficant contribution to the HTGR risk assessment only at acci-
dent frequency levels below KH^/reactor-year.

INTRODUCTION

An important event in the U.S. reactor operating experience was the
cable-tray fire at Brown's Ferry in 1975. Although the fire resulted in
no release of radioactivity or irreparable plant damage, the impact on
redundant safety systems was extensive. In the context of risk assessment
methodology, the fire underscored the importance of common-cause failures,
not only in the estimation of accident probabilities, but also in the de-
lineation of accident sequences. The term "common-cause failure" is used
to describe multiple failures of two or more components or systems caused
by a single, common event. There are five different event tree/fault tree
analysis techniques that have been used in the HTGR Risk Assessment Study
to treat common-cause failures and these are summarized in Table 1.

The first step in the risk assessment methodology is the selection
of initiating events. Of the entire list of initiating events analyzed
in the HTGR Risk Assessment Study, which numbers approximately 40, several
including earthquakes and loss of all AC power were selected because of
their potential to cause multiple failures. Although fires were not
selected initiatilly, the fire at Brown's Ferry showed that these events
could not be ruled out as potentially important accident initiators.
Hence, a risk assessment study of fires was undertaken. The purpose
of this paper is to briefly summarize the results of this study [3J.
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METHODOLOGY

The development and refinement of the risk assessment methodology
has been a continuing effort in the safety studies carried out at
General Atomic since 1974. In the case of fires, some new techniques
had to be added in consideration of their unique characteristics. One
such characteristic is that fires can occur at essentially any location
in a nuclear power plant. Since it would be highly inefficient and
expensive to perform quantitative event tree/fault tree analyses at all
potential fire locations, methods were needed to screen the plant layout
and identify the most important ones. Although it was desirable to
minimize the number of candidate locations remaining after screening,
it was also an important objective to minimize the possibility that an
important location might be overlooked.

Two methods were developed to carry out this screening process.
The first one, a quantitative bounding procedure, presupposes the
existence of some risk information for initiating events other than
fires. The risk information is expressed in terms of accident frequency
and extent of system impact necessary to result in predefined release
categories which span the consequence spectrum. Fires are then postulated
to occur in each plant location whose inventory of components and systems '
has been determined. By comparing the frequency of a fire at this
location, hypothesized to contribute significantly to the risk, to
bounds on the fire frequency set by the experience bas«, it is possible to
eliminate numerous unimportant fire locations. Application of this tech-
nique to an HTGR plant designed in 1975 resulted in the elimination of
all but the six locations illustrated in Figure 1.

Further screening of plant locations is accomplished with use of a
qualitative technique patterned after "Failure Modes and Effects Analysis."
Each of the remaining locations is evaluated by listing the inventory
of combustible material, major components including pipes and cables,
failure modes and system effects, fire barriers, fire detection and
suppression equipment, fire brigade access and other factors relevant to
the initiation and progression of fires. After these lists have been
completed and compared for all remaining locations, a qualitative assess-
ment is made of the relative potential of each to produce dominant risk
accident sequences initiated by fires. In the case of the HTGR plant
shown in Figure 1, this technique was successful in narrowing down the
list of candidate locations to two: the cable-spreading room and a
vertical equipment chase located between the control building and the
reactor service building. Event tree/fault tree analysis of cable-spreading
room fires is described below.

An integral part of the methodology is the collection and interpreta-
tion of fire experience data. In addition to the direct use of these
data in the quantification of occurrence rates and probabilities, insights
are obtained which are useful in delineation of accident sequences as
well as in the identification of important locations. The experience
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compilations of Verna [4] were found to be quite useful in estimating the
average fire occurrence rate and propagation characteristics listed in
Table 2.

A final aspect of the methodology that was refined and specialized
for cable-tray fires is the estimation of location-dependent common-cause
failure probabilities. Fault trees were developed in sufficient detail
to identify specific faults in all the control and instrumentation cir-
cuits routed through the cable-spreading room for each system postulated
to fail in the event tree. The allocation of circuits to cable trays and
the cable tray layout and separation distances were determined. In view
of the practice of routing cables from different systems in the same trays
intersystem dependencies had to be considered. The method of linking the
system fault trees together with an "AND" gate was used. The minimal cut
sets of the fault trees consisted of combinations of component failures
and sets of specific cable trays damaged by the fire. In this respect,
the risk assessment accounted for failures that may occur independent of
the fire but compound its consequences. The probability that specific
sets of cable trays, would be damaged were estimated with use of a simple
fire propagation model which utilizes a probability distribution of the
distance of fire spread estimated from the data base.

APPLICATION TO HTGR

The event tree presented in Figure 2 was constructed with an emphasis
on accidents involving overheating of the reactor core. The occurrence
rate for a fire of any size starting at any location in the cable-spreading
room was assessed at 1 x 10""-Vreactor-year. The magnitude of accident
consequences is in terms of point estimates of the most important doses
for these accidents (whole body gamma and thyroid). Details of the assess-
ment of consequences and their uncertainties can be found in Refs. [3] and
[5]. When compared with event trees for all other initiating events analy-
zed for the HTGR [1] it is clear that fires are an important class of
common-cause failures, not only in the case of redundant systems but also
sets of multiple diverse systems.

The above point is illustrated in Table 3 where the probability
quantification of event tree sequence F-D is compared with that for a
similar sequence in the event cree for Loss of Condenser Function. The
failure probability of the auxiliary cooling system (Event 4) is increased
by three orders of magnitude, and that of the containment isolation valves
(Ev<=nt 6) by more than two orders. This results from the possibility that
a single fire could result in failure of both systems depending on where
it initiates and how far it propagates. The net impact of fires along
the entire sequence is an increase in the frequency of accidents involving
core heatup and containment failure of two orders of magnitude. This is
true despite a relatively small contribution to the frequency of accidents
involving core heatup only. This explains the overall impact of fires on
the HTGR risk assessment curve presented in Figure 3. Fires are seen to
make a small contribution to risk (about 30% increase) at frequencies greater
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than 10 /reactor-year and below this frequency they tend to dominate.

The HTGR design assumed in this study was completed in 1975. Since
then, the design has been substantially revised, in part, to comply with
changes in separation and fire protection criteria. The most significant
change is the use of multiple cable-spreading rooms for redundant divisions
of cables. Although the reduction has not been quantified, it is clear
that the risk assessment would have been diminished if this design feature
had been present.

REFERENCES

1. HTGR Accident Initiation and Progression Analysis Status Report -
Phase II Risk Assessment, General Atomic Report for Department of
Energy No. GA-A15000, April 1978.

2. K. N. Fleming and P. H. Raabe, "A Comparison of Three Methods for the
Quantitative Analysis of Common Cause Failures," Proceedings of the
ANS lopical Meeting on Probabilistic Safety, May 8-10, 1978, Los Angeles

3. K. N. Fleming, W. J. Houghton and F. P. Scaletta, "A Methodology for
Risk Assessment of Major Fires and Its Application to an HTGR Plant,"
General Atomic Report for Department of Energy No. GA-A15402, July 1979 .

4. B. J. Verna, "Nuclear Power Experience," NPE Inc., Encino, California,
Jan. 1972 - April 1978.

5. D. J. Wakefield and A. W. Barsell,"Monte Carlo Method for Uncertainty
Analysis of HTGR Accident Consequences," Paper to be presented at
this meeting, New Trends in Licensing Session.



TARLE 1
TREATMENT OF COMMON CAUSE FAILURES IN AIPA RISK ASSESSMENT METHODOLOGY

Phase of Methodology

Initiating event selection

Event tree construction

Event tree quantification

Methods for Treatment of
Common Cause Failures

5.

Consider causes of multiple failures
in fault trees of radioactivity
barriers

Identify system interdependencies
explicitly

Treat event probabilities as condi-
tional; link fault trees with "and"
gates

Identify specific causes of multiple
failures within systems

Treat multiple failures in redundant
systems as dependent, quantify coup-
ling factor (P) for each component
using experience data (Beta-Factor
Method [2])

Examples of Common Cause
Failures Treated Using

Indicated Method

Fires, earthquakes, loss of
electric power

System A fails as consequence
of failure of system B

System A and system B both
depend on common support
system

Component X fails as direct
consequence of failure of
component Y

Redundant set of components
left out of service due to
improper test, or share same
design error

00
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TABLE 2
SUMMARY OF FIRE EXPERIENCE DATA

Number of reactor units

Reactor-years operating experience*

Number of fires (in operation)

Mean rate of occurrence

Mean (max) diameter of fire damage

Mean (max) time to put out fire

65

372

49

0.13/reactor-year

8.6 ft (67 ft)

1 hr (24 hr)

*From first electrical generation through April 1978

CONTAINMENT
BUILDING (VI)

PENETRATION
BUILDING (V)

VERTICAL
CHASES (III AND
IV)

CONTROL
ROOM (I)

CABLE SPREADING
ROOM (II)

Fig. 1. Important potential fire locations in an HTGR plant
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TABLE 3
IMPACT OF FIRES ON THE FAILURE PROBABILITY OF MULTIPLE

REDUNDANT SYSTEMS ALONG ACCIDENT SEQUENCE D

Events Along Accident Sequence

1. Initiating event

2. Reactor shutdown

3. Main loop cooling system fails

4. Auxiliary core cooling fails

5. PCRV liner cooling maintained

6. Containment isolation valves fail

Frequency of core heatup (events 1-4 only)

Frequency of core heatup with containment
failure (events 1-6)

Event Probability

Loss of
Condenser

3 x 10~1/r-yr

'Vi

'Vi

10"4

M

3 x 10~5

3 x 10"5/r-yr

10"9/r-yr

Cable
Spreading
Room Fire

1 x 10~3/r-yr

'Vi

10~1

10"1

10~2

1 x 10" /r-yr

10"7/r-yr
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RELIABILITY OF FIRE PROTECTION SYSTEMS IN
NUCLEAR POWER PLANTS

D. S. Moelling, Combustion Engineering Inc., Windsor, Connecticut

A. G. Sideris, Engineering Consultants, Inc., Marietta, Georgia

R. W. Hockenbury, Rensselaer Polytechnic Institute, Troy, New York

ABSTRACT

Selected water sprinkler fire protection systems from four nuclear power
plants were evaluated using standard fault-free analysis methods. The objective
was to find the most important components, the sensitivity to failure rates and
test intervals, and to assess the total system reliability. If adequate super-
vision of those valves, which if closed cut off flow to the sprinkler heads, is
achieved it should be possible to limit the probability of failure for sprinkler
systems to less than 10-2 per demand compared to industrial failure experience
of approximately 2 x 10-2 per demand. A methodology was developed to estimate
the probability of a specific fire to cause the fire protection system to actuate.

INTRODUCTION

Fire is an important potential initiator of common-mode failures in nuclear
power plants. Fire incident data assembled at American Nuclear Insurers (ANI),
[1] , show that of 63 fires reported at operational power reactors, 15 resulted
in a safety-related system impairment, and 25 had the potential to do so. The
standard fire protection philosophy is to prevent the fire from spreading from
the room or area where it started. Nuclear plant fire protection requires a
different approach. Any fire in a nuclear facility must be controlled before
redundant safety-related equipment is at risk. Such fires can be large and rapid,
such as hydrogen fires, or small and slow burning, such as cable fires. Both
the probability that the fire situation of interest will cause actuation condi-
tions and the probability that the FPS will respond as designed were examined
in this study.

SYSTEM RELIABILITY ANALYSIS

Regardless of the type of fire, any FPS has a finite probability of failing
to respond to design fire conditions. This probability is a function of
component failure rates, system layout, and operating procedures. Five water
spray systems, listed in Table I, from four nuclear power plants were examined.
The flow paths and components involved were analyzed to produce fault trees
where the top event is system failure to actuate on demand. The failure modes
and their associated probabilities are listed in Table II. A typical system
flow diagram is shown in Figure 1.
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For system analysis, the fault-free codes PREP-KITT [2], and IMPORTANCE [3] were
used. The results obtained include individual component importance, overall sys-
tem failure probability, and system sensitivity to changes in selected component
failure rates and test intervals. Reliable test data was available for all failure
events except for the probability of inadvertent valve closure. The available data
was used to select a range of probable values.

FIRE BEHAVIOR ANALYSIS

The modeling of fire behavior is presently in a developmental stage. Compartment
conditions arising from a fire are influenced by many factors including ambient air tem-
perature, heat release rate, fire location, and air velocity. By using appropriate
simplifying assumptions, valuable insight on FPS performance can be gained by
modeling fires of interest. R. L. Alpert 14] has developed several semi-empirical
expressions relating the response of ceiling mounted devices (fusible link sprinklers,
smoke or thermostatic fire detectors) to incident fire conditions. Typical of these
is an expression for the threshhold actuation conditions for a fixed temperature de-
vide, Equation 1

(1) TD = TA + i ^ (JL) -4127.75

Tp = actuation temperature of device - °C

TA = ambient room temperature - °C

Q = heat release rate - W

H = height of device above fire - m

r = radial distance from fire axis to device axis - m

In this study values of Q, H and r were set conservatively and appropriate probability
density functions were applied to temperatures. In this way, an estimate can be cal-
culated of the probability that the fire in question will create FPS actuation con-
ditions.

SYSTEM RELIABILITY

As expected, the overall system failure probability is strongly dependent on the pro-
bability of inadvertently closed valves (ICV). This dependence is largely due to the
importance of the valves forming a single train from the yard loop fire water piping
fo the spray distribution piping. ANSI/ANS 59.4 [5] allows quarterly inspection of
valves not affecting required water flow, with monthly inspection otherwise. As
redundant flow paths are available in the yard piping, the effects of monthly in-
spection (renewal) of all single train valves with quarterly inspection of all other
valves, were examined for several systems. Figure 2 shows typical results. By in-
specting the important single train valves more frequently, substantial reduction
in system failure probability will result.
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Calculations of Vesely-Fussel importance indicators [6] confirm that by controlling
the probability of ICV to less than 10"3/working month, the alarm/check valves and
fire pumps become most important in auto sprinkler systems and deluge valves dominate
in deluge and preaction sprinkler systems. Supervision of all fire water system
valves by electrical means is overly conservative as most valves are relatively un-
important contributors to system failure. So long as at least one redundant flow
path is available to each spray system header, the layout of fire main piping does
not affect system failure probability. It is unnecessary to install multiple cross-
connections between fire piping.

The probability of fire conditions leading to FPS actuation cannot be as easily gen-
eralized as can the system failure probability. The relations developed by Alpert
[4] were used to model several fire incidents recorded at ANI. Given the approximate
nature of the incident data, the models were in reasonable agreement with observed
conditions. This methodology can be used to assess system response to a specific
fire. As an example, a cable tray fire was postulated to occur in the cable spreading
room of Plant A, Unit i. The cable tray fire heat release calculation follows the
analysis by ptnfc.el I7J. A Plot of a ny one or more sprinkler heads actuating vs. the
fire to ceiling distance is given in Figure 3. The response model assumes no ob-
struction to plume rise, thus the actual probability of actuation would likely be lower
for a fire in a stack of trays. It is apparent that more than one tray would be in-
volved before the FPS would actuate.

Careful data collection in future fire incidents will aid in the verification of
these response models. For purposes of risk calculation, they will provfde a
useful tool to evaluate the probable detection limits of a FPS. for e5cample,sprinklers
can be set to respond only to fires wfitch threaten redundant equipment, thus
minimizing the risk of spurious actuation. A more sensitive detector/alarm system
could then be used to warn of possible fire conditions below this threshold.

It appears that water spray fire protection systems are highly reliable, given ade-
quate valve control. Their effectiveness depends upon the type of fire to which
the system must respond.
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TABLE I

Water Sprinkler Systems Studied

Plant

Plant A Unit 1

Plant A Unit 2

Plant B

Plant C

System

- Cable Spreading Room (CSR)

Automatic Sprinkler.

- Main Feedwater Pump Lube Oil

Reservoir Deluge Sprinkler.

- Diesel Generator Preaction

Sprinkler.

- Turbine Lube Oil Tank Automatic

Sprinkler.

- Cable Spreading Room Automatic

Sprinkler.

Fault

TABLE II

Failure Modes and Data
a

Sprinkler heads fail to open
Fire detectors fail to function
Deluge valves fail to open
Fire pumps fail to start
Check valves fail to open
Alarms fail to function
Personnel fail to trip manual
release

Valves closed inadvertently

a) 90% confidence limits
b) Per demand except as noted

Lower Bound

0.00189

0.00089

0.00447

0.00003

0.02681

Mean "

<10"6

0.00297
0.00190
0.0140
0.0001
0.0362
0.2

6.25 x 10"
6.25 x 10

Upper Bound

0,00445
0.00358
0.0239
0.0003
0.0481

/ h r
6.25 x 10"7hr
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FIGURE 2
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REPORTING REQUIREMENTS FOR FIRE
PROTECTION AND RISK ASSESSMENT

IN NUCLEAR POWER PLANTS*
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and
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ABSTRACT

During a review and analysis of fires occurring in nuclear power plants
it has become clear that improved reporting and records are essential for
future risk modelling and protective design and planning. Current reporting
results are reviewedand additional needed factors and records are identified.

INTRODUCTION

A fire event data base [1], first set up in 1978, has been used to support
several studias [2,3,4] in reliability and risk assessment associated with fire
hazards in commercial nuclear power plants. This data base contains information
from American Nuclear Insurers (primary source), Nuclear Mutual Liability,
Tennessee Valley Authority, Licensee Event Reports (N.R.C.) and Nuclear Oper-
ating Experience on about 235 events in all types of nuclear facilities. The
analysis of these data has concentrated on nuclear power plants in order to
estimate the risk due to fires in comparison to other contrib"tions already
described in WASH-1400. In addition, the collection and evaluation of these
data and their application to risk assessment also inherently provides new
insights into fire protection planning. Both risk assessment and fire protec-
tion are seen to require improved reporting and evaluation of fire events.

REPORTING REQUIREMENTS

Vital data can be and have been derived from detailed observations at
reactor sites where fires have occurred. These observations underline the
importance of existing fire regulations, standards and guidelines, such as The
Branch Technical Position (BTP9.5-1 App. A, Regulatory Guide 1.120) and the
draft standard ANS-59.4/N18.10.

On site information needed is suggested by the following:

1. Exact initial location of fire

2. Cause of fire

3. Combustibles and ignitor - their amounts, "location, geometrical
relationship

* This paper was prepared during the course of work related to two research
fellowships supported by American Nuclear Insurers. Although the recommenda-
tions and conclusions are of interest, they do not represent the official policy
of American Nuclear Insurers.
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4. Human detection - presence or frequency of inspection

5. Automatic detection and suppression equipment available, its effective-
ness, reasons for its success or failure

6. Effectiveness of human intervention, adequacy of training and adminis-
trative procedures

7. Contributing factors to fire occurrence (e.g., amounts and locations
of transient combustibles)

8. Preventive measures which could have been taken to prevent the fire
or reduce its extent (inspection frequency, retardants, additional
barriers...)

9. Extent to which existing pleasures did mitigate the propagation or
consequences of the fire.

The data categories for the fires studied so far are listed in Table I.
Additional fire descriptors of value to both fire prevention planning and risk
assessment are given in Table II. Other useful information would deal with
related or background data relevant to the initiation, propagation of severity
of the fire in terms of factors which either contributed to the incident or
mitigated it. Some typical factors are listed in Table III for fires which
have occurred.

In addition to these parameters it is necessary to know under what circum-
stances a fire will be reported. Ideally, uniform criteria will be used,
covering such aspects as systems affected, safety functions, dollar loss, and
location of the fire within the plant, in order for the fire event data bank to
represent a uniform set of reported events. As an example of the requirement
for very specific information to insure uniform reporting, a seemingly trivial
fire in one location (or plant) might have serious safety implications in another
location.

REPORTING AND RISK ASSESSMENT

The relation between reporting and risk assessment can be readily seen
by considering an example of the scenarios examined in a fire modelling study [2].
In this case, the probability of loss due to fire in the power cable from a
480V.A.C. switchgear is estimated using the event tree shown in Figure 1. The
occurrence rate of cable fires {PQ) was estimated [2] from the fire event data
bank. The probability of successful fire detection (D]) and the probability (S-j)
of successful fire suppression by human and automatic detection and suppression
equipment, respectively, was obtained from Nuclear Power Experience and various
other sources. In this simple case, the switchgear is effectively_disabled if
the fire is not detected (D-]) or if the fire is not extinguished (S-j). This
scenario involves the following factors:

1. occurrence rate of all fires in nuclear power plants

2. cable fires - their ignitors, description of cable trays, fire
retardants, separators between trays, metal enclosures if used

3. fire detectors - their location, reliability

4. human occupancy - typical walk-through patterns
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5. fire suppression equipment in area - type, location, reliability,
automatic and manual types

This analysis has demonstrated, however, that other information not included
in existing fire reports is essential to a more complete probabilistic model:

1. specific details on the cause of ignition (overcurrent or external
cause)

2. exact geometry of detector with respect to initial fire, intervening
structures possibly affecting the detector response

3. time factors involved from initial fire to detection (human and
automatic), using estimates where necessary

4. type and amount of extinguishing agent necessary

5. extent of fire, amount of cable consumed, range of temperatures attained

6. habitability of area during fire, effect on manual fire-fighting efforts

7. specific description of the condition of safety equipment in fire area
(damaged components, failure modes)

8. the role and effectiveness of any fire barriers relevant to the event

The incorporation of such factors as above from many fire events will allow
the construction of probability distributions to describe the characteristics of
fires (time, temperature, extent). At present, the calculations [5,6] which can
be made of time dependent or spatially dependent time averaged parameters are
subject to large uncertainties. It appears a combination of these methods with
information such as above extracted from better reporting of fire events would
lead to more useful predictions.

RECORDING PROCEDURES AND FORMS

It must be recognized that at the time of a fire the reporting process may
not be among the highest priorities of plant personnel. In order for a high
degree of accuracy and completeness to be reflected in the records, it is essential
that plant personnel be fully briefed, during their training programs, on report-
ing requirements and methods; and furthermore, that the methods and forms used be
as direct as possible. Figure 2 shows an expanded form designed to accommodate
information needed beyond the scope of entries in the present data base.

CONCLUSIONS

It is evident that uniform standards for the reporting of fire events must
be invoked. A centralized fire event data bank would help accomplish this and
other aspects of reporting.

The preceding discussion has demonstrated the need and application for more
detailed descriptions of fire events in nuclear facilities. Ideally, post fire
investigations would be done by engineers experienced in risk assessment in addi-
tion to the customary fire prevention and insurance representatives.
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TABLE I.

FIRE PARAMETERS PRESENTLY TABULATED

Facility Type
Operation, Facility ID
Construction, Criticality, Operation, Decommissioning Dates
Mode of Operation or Construction
Insurer
Date of Incident
Time of Incident
Duration of Incident
Components Affected
Systems Affected
Safety or Potential Safety Loss
% Power Degradation
Forced Outage in Days
Direct $ Loss
Type of Fire (A,B,C,D)
Location of Building, Room
Cause of Fire
Detection Means
Extinguished By
Equipment and Agent Used
Availability of Detectors
Initiating Components
Description
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TABLE II.

ADDITIONAL FIRE DESCRIPTORS NEEDED

Date pre-operational testing began
Time from fire initiation to detection
Time from fire detection to initiation of suppression
Response time of off-site fire departments
Categorical breakdown of safety system losses
Categorical breakdown of potential safety system losses
Reactor trip
Turbine trip
Forced outage in hours
Location of fire by zones in each major area
Detailed description of combustibles: primary, secondary; their locations,

types and quantities.
Availability of personnel in the vicinity of the fire
Availability of personnel trained in fire protection in the vicinity
Frequency of fire watches or rotation patterns; Pattern type
Detailed cause of fire
Primary ignitor source and type
Personnel errors

- Training history
- Information
- Psychological effects
- Human effects: primary, secondary, tertiary, other

Welding/Cutting
- Procedures
- Combustibles

Cataclysms: Electrical storm, Earthquake, Tornado, Flood
Spontaneous combustion
Suspicious origin
Design errors; categories
Explosions, types
Overheated material
Leaks Avai1abi1i ty/Reli abi1i ty
Maintenance factors

- Calibration
- Scheduling
- Repair inadequate
- Positioning of equipment
- Procedures; Quality Assurance

Smoke and heat detectors (present, not present)
Successful (Unsuccessful)

- Operation; type, locations, distance to fire
- Adequacy of fire suppression
- False actuation (notes on frequency)

Auto, extinguish equipment (Present, not present)
- Types
- Location
- Distance to origin of fire
- Successful (unsuccessful)

Hose sizes used (and number)
Propagation barriers breached

- Type
- Fire rating
- Rate of flame (fire growth)

Sequence of components affected
Sequence of systems affected
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TABLE III.

CONTRIBUTING FACTORS TO FIRE OCCURRENCE DURING

CONSTRUCTION PHASE OF COMMERCIAL NUCLEAR PLANTS

electrical malfunction cleared one of three fuses
two trailers were positioned close together
sparks and molten steel burned through a tarpaulin protecting
flammable adhesive
no welding permit system in use
welding tarps not frequently used, though available
no sprinkler head in the area fused
portable heater left turned on
delay in discovery of fire
welding above an unprotected cable tray
overheating of an expansion joint due to welding
stress-relief operations
lack of water
inadequate watchman service
combustible protective covering
welding above unprotected flammable adhesive
Parker Roller bumped into a transformer causing explosion
temporary wiring
wood decking and insulation laid on hot steam pipes
poor maintenance of heater f i l ters
welding and cutting conducted contrary to standing orders
requiring clearance of the area
difficulty in getting off-site to respond
fire retardant tarps rigged to protect workers against, the weather
plastic sheeting covered recently installed electrical equipment
insufficient air circulation to motor windings
motor failed to tr ip on receipt of high vibration alarm
hand extinguisher ineffective
alarm sounded, but couldn't be heard at the main gate
off-site assistance did not arrive in time to extinguish blaze
fire was confined by a hand extinguisher
fusible plastic blow-out plugs on gas cylinders released preventing
an explosion
fire of flash type and short duration
electric f ire pump ran automatically
automatic C0« system dumped, smoke-heat detectors function
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ABSTRACT

A multinational project, the Marviken Full Scale Critical Flow Tests
conducted twenty-seven tests to obtain critical mass flow data for short nozzle
geometries (200 to 509 mm diameters with length to diameter ratios from 0.3 to
3.7) comparable to pipe sizes present in world nuclear reactor stations. Typical
data are presented and discussed. The rozzle inlet pressures ranged from 5.2
to 2.6 MPa with the fluid subcooled as iuich <*s 50°C to low quality saturation.
A maximum nozzle mass flow rate of 14 Mg/s ,-,as measured. The data provide an
important link between the previously available small scale critical mass flow
rate data and existing operational hardware.

INTRODUCTION

The CFT (Critical Flow Test) Program was initiated to collect data using
test nozzles representative of the large pipe sizes in a typical nuclear reactor.
The objective of the program was to collect critical flow data as a function
of pressure, nozzle diameter and length for subcooled and low quality saturated
water. To meet this objective, a multinational experimental group (the Marviken
Project) utilized the inactive nuclear reactor pressure vessel at the Marviken
Power Station on the southeast coast of Sweden to perform the tests. The experi-
ments were financed and supported by: Fors^gsanlaeg Ris^ (Denmark), Technical
Research Centre of Finland (Finland), the Commissariat a l'Energie Atomique and
Electricite de France (France), N.V. tot Keuring van Electrotechnishe Materialen
(the Netherlands), Institutt for Atomenergi (Norway), Studsvik Energiteknik AB
(Sweden), Electric Power Research Institute, and the United States Nuclear
Regulatory Commission (the USA) and Kernforschungszentrum Karlsruhe GMBH (West
Germany). The test results are not generally available to non-participating
nations, but can be acquired by becoming a project sponsor in accordance with
the contract under which the project is established.

FACILITY DESCRIPTION

The test equipment consisted of four parts: the pressure vessel> a discharge
pipe, a set of nine test nozzles and the pressure vessel containment. The pres-
sure vessel had an inside diameter qf 5.22 m and was 24.55 m high. The net
available internal volume was 425 m (see Fig 1). The 0.75 m diameter discharge
pipe consisted of an axisymmetric inlet section, a connection piece (welded
into the bottom of the pressure vessel), two pipe spools, two instrumentation
rings and an isolation ball valve (see Fig 2). Upon entering the discharge pipe,
the vessel fluid traveled 6.3 m to the test nozzle inlet.
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One of nine test nozzle geometries was bolted to the lower pipe spool for
each test (see Fig 2). The nozzles were constructed with a smoothly ronnded
entrance and a constant d"-leter test section. Ths nozzles ranged in diameter
(D) from 200 to 509 mm with length to diameter (L/D) ratios from 0.3 to 3.7
(see Table I).

A rupture disc assembly was attached to the downstream end of the test
nozzle. Two rupture discs were housed in the assembly and were separated by a
plenum which was pressurized.

The pressure vessel and other test equipment were housed in a pressure sup-
pression type containment, modified to vent to tl.e atmosphere (see Fig 3).

TEST PROGRAM AND PROCEDURE

Twenty-seven tests were conducted at initial pressures between 4 and 5 MPa
(see Table I) at fluid conditions which varied from 50 C subcooled to saturation
at low quality (typically 0.001 to 0.005). Although most tests were conducted
with the vessel water air content which would be present at measured oxygen
concentrations between 0.2 and 1.3 mgOj/kgH-O, Test 27 was conducted with less
than 0.005 mg0_/kgH_0. Thus the influence of the vessel water gas content on
the critical mass flow rate was examined to determine the importance of this
variable on nuclear reactor safety standards.

The tests were conducted by filling the pressure vessel with water. The
vessel water was heated to form (1) a uniform saturation temperature or (2) a
specified temperature profile which consisted of a constant temperature sub-
cooled zone from the vessel bottom to a defined elevation, a transition zone
(ELT) in which the water temperature increased with increasing elevation to
saturation and a zone of water at the saturation temperature of the specified
pressure (see Fig 1 and Table I). Vessel water discharge was initiated by over-
pressuring the rupture disc plenum to fail the lower disc. The vessel water was
discharged through the test nozzle into the containment following rupture disc
failure. The containment pressure was relieved by discharging a steam/water
mixture to the atmosphere through exhaust pipes.

The Marviken pressure vessel was sufficiently large to allow critical flow
data to be recorded over relatively long time intervals. The experiments ranged
from 42 to 148 s depending on the size of the test nozzle. The vessel was filled
with 280 to 330 Mg of water for each test. Tests conducted with an initial 30°C
subcooled zone, using a 500 mm diameter nozzle, would typically give subcooled
data for about 40 percent of the test period and reach low quality saturation
near the end of test.

MEASUREMENTS

Data were collected using instrumentation mounted in the pressure vessel,
the discharge pipe and the test nozzle (see Table II). Temperature and pressure
profiles were measured at one of the two instrumentation rings using pitot-
static rakes. The instrumentation signals were recorded using a pulse code
modulation system at a rate of 952 scans per second. The discharge pipe water
density was measured using a three beam gamma densitometer. Also, the density
was measured near the discharge pipe inlet (7.6 m upstream of the nozzle inlet)
using the hydrostatic head recorded with a differential pressure transducer.
The density from both locations could be transposed to the nozzle inlet assuming
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isentropic expansion as a check on one another. The nozzle mass flow rate was
metered v.sing a three-armed pitot-static rake and by measuring the rate of
change of the vessel water hydrostatic head during most of the transient.
However, the latter technique did not produce results with an acceptable error
limit for the first 5 s of each test. Thus the maximum nozzle mass flow rates,
which occurred within the first 0.5 s of each test as measured by the pitot-
static rake, were cross-checked with the mass flow based on the vessel steam
depressurization rate (obtained before the vessel water flashed). Redundant
measurements of these parameters, as a part of the data channels measuring
pressure, differential pressure and temperature, allowed a complete description
of the test behavior with a high confidence level in each case.

TEST RESULTS

The behavior observed during each of the critical flow tests can be charac-
terized as having three distinct periods. Each period is clearly indicated on a
typical pressure history (see Fig 4) as measured at the vessel bottom. The
pressure shown is representative of the stagnation pressure at the discharge
pipe inlet (see Fig 2). Following rupture disc failure, the system experienced
a large decrease in pressure which was terminated by the incidence of flashing.
Initial depressurization rates, measured during the first phase of the test,
ranged up to 3.5 MPa/s (test nozzle dependent), H S the vessel water began to
flash, the system pressure rapidly increased until a stable flashing rate was
established, after which the vessel began to depressurize once again.

The second period was marked by a steadily decreasing pressure with an
established vessel water flashing rate. The water entering the test nozzle
during this period was subcooled, although a mixture of subcooled and saturated
water was discharged from the nuzzle near the end of the second and the beginning
of the third period. Maximum depressurization rates measured during the second
period were on the order of 148 kPa/s.

The third test period was also characterized by a steadily decreasing
pressure but with two phase water entering the test nozzle. Maximum depressur-
ization rates measured during the third period were on the order of 34 kPa/s.

Temperatures measured in the discharge pipe mirror the behavior apparent in
the pressure data. The saturation temperature corresponding to a wall static
pressure measured adjacent to the instrumentation ring II pitot-static rake
(see Fig 2) is compared to the average temperature history defined by the ten
thermocouple measurements on the pitot-static rake in Fig 5. Typical discharge
pipe fluid temperatures showed a rapid rise during the first period as the cold
discharge pipe water was released, a slowly increasing temperature during the
second period as the fluid neared saturation and a period of saturated flow.

During each of the tests, the static pressure was measured along the wall
of the nozzles. A typical pressure profile is shown for a 509 mm diameter L/D =
3.6 nozzle for Test 15 (see Fig 6 and Table I) in terms of the ratio of the
wall static pressure at each location divided by the stagnation pressure meas-
ured at the vessel bottom at 2, 12, 20 and 50 s following rupture disc failure.
The thrte earlier traces are typical of the data observed during subcooled
discharge, whereas the latter trace is typical of saturated data. Pressure pro-
files measured during subcooled flow showed a large pressure decrease just down-
stream of the noazle inlet followed by pressure recovery. The saturated pressure
profile data on the other hand typically showed the wall pressure to continually
decrease with increasing length.
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The mass flow rate history calculated using the pitot-static rake in connec-
tion with the gamma densitometer is shown in Fig 7 for a 500 mm diameter L/D •
3.6 nozzle with an initial pressure of 5 MPa and the vessel fluid subcooled 30°C.
Also shown in Fig 7 is the mass flow rate history calculated by tracking the
quantity of vessel mass with time. The two independent calculations agree
closely both during subcooled flow and saturated flow (after 25 s). The nozzle
mass flow rates were also determined using independant techniques during the
first 0.5C s of the test by calculating the vessel initial steam volume expansion
rate coupled with the liquid density (prior to vessel flashing), and by using
the pitot-static rake. These techniques have shown a peak mass flow rate of 14
Mg/s (Test 22) during the CFT which is the largest measured critical flow rate
on record.

CONCLUSIONS

The Marviken Full Scale CFT (Critical Flow Tests) Program has yielded
considerable information on the nozzle critical flow behaviour for reactor
sized geometries. The following are the principal conclus'ons relating to the
data.

1. An expanded data base concerning nozzle critical mass flow behaviour is
now available. Prior to the formation of the CFT Program, a large data base
of nozzle critical mass flow data only existed for geometries much smaller
than reactor sized hardware. The small scale critical mass flow data base,
augmented by the CFT Program data, provide behavior characteristics to a
scale comparable to the pipe sizes available in the reactor systems of the
world. The intention of producing such data is to provide reliable informa-
tion for use in critical flow model development, and in the development of
computer codes designed to predict nuclear system transient characteristics.

2. Both subcooled and low quality saturated data are available from the CFT
Program. The CFT has expanded the critical flow data base to include nozzles
ranging from 200 to 509 mm in diameter with lengths from 166 to 1809 mm.
The nozzle inlet stagnation conditions ranged from pressures of 5.2 MPa to
2.6 MPa with the water subcooled from approximately 50 C to qualities of
0.005. The peak mass flow rate measured during the program was 14 Mg/s. In
addition, the critical mass flow rate data base has been expanded to include
a test with a decrease in water air content to a value far below the normal
gas content in BUR and PWR systems.

i
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Table

Test
No

1
2
3
4
5(c)
6
7
8
9
10
11
12
13

I

AT
(°

15
30
15
30
30
30
15
30
<5
<5
30
30
30

MARVIKEN CRITICAL

C) (mm)

300
300
j09
509
509
JOO
300
509
509
509
509
300
200

L/D

3.0
3.0
3.1
3.1
3.1
1.0
1.0
3.1
3.1
3.1
3.1
3.0
3.0

EL(b>
(m)

18
17.5
17
17.5
17.5
18
18
17.5
18
17.5
17.5
17.5
17.5

FLOW PROGRAM

ELT(b>
(m)

9-11
8-11
7-10
8-11
8-11
8-11
8-10
8-10
None
None
8-10
8-11
7-10

Test
No

14
15
16
17
18
19
20
21
22
23
24
25
26
27 (d)

TEST SUMMARY

AT ( a

(6c)

<5
30
30
30
30
<5
<5
30
50
<5
30
<5
30
30

* D
(mm)

200
500
500
300
300
300
500
500
500
500
500
300
300
500

L/D

3.0
3.6
3.6
3.7
3.7
3.7
1.5
1.5
1.5
0.3
0.3
1.7
1.7
1.5

EL ( b )

(m)

18
20
17.5
20
17.5
17
16.5
20
19.5
20
20
20
19.5
20

ELT<b>
(m)

None
13-14
8-11
16-17
8-11
None
None
16-17
16-17
None
16-17
None
16-17
16-17

(a) AT = Nominal subcooling with respect to the steam dome pressure. All tests
performed with initial steam dome pressure = 5 MPa except Test 5.

(b) EL and ELT - see Fig 1.

(c) Initial steam dome pressure = 4 MPa.

(d) Test 27 water measured oxygen content <• 0.005 mgO^kgH^O. (Water oxygen
content for most tests ranged between 0.2 to 1.3 ms02/EgH20).

Table II SUMMARY OF PRINCIPAL MEASUREMENTS

General
location

Pressure
vessel

Discharge
pipe

Test nozzle

Containment
and exhaust
tube

Type of
measurement

Pressure
Temperature
Diff pressure
Diff pressure

Pressure
Temperature
Temperature

Density

Diff pressure
Diff pressure

Pressure
Diff pressure

Pressure
Temperature
Diff pressure

No of
channels

4
25
3
7

5
5

10

3

1
10

3
up to ii

7
7
2

Remarks

Density measurement
Mass inventory

Temperature profile at
instrumentation ring J.
or II 3-armed probe
3-beam gamma
densitometer

Flow rate measurement
at instrumentation ring I
or II 3-armed probe

Nozzle pressure profile
Nozzle pressure profile
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RESULTS OF SMALL BREAK LOCA EXPERIMENTS
THE LOFT REACTOR SYSTEM WITH COMPARISON TO CODE CALCULATIONS

J. P. Adams, J. H. Linebarger, L. P. Leach

EG&G Idaho, Inc., P.O. Box 1b2b, Idaho Falls, Idaho 83415

ABSTRACT

This paper presents the results of three small oreak loss-of-coolant
experiments performed in the LOFT Pressurized Water Reactor (PWR) system.
Experiment L3-U, performed without reactor power, represented a loss of
coolant from the power operated relief valve on the top of the pressurizer.
Experiments L3-1 and L3-2 were initiated with the reactor at full power
(maximum linear neat generation rate approximately 52 kW/m) and represented
4-in., and J-in., diameter oreaxs, respectively, in tne reactor inlet piping
of a commercial PWR. Comparisons of data to analytical moael calculations
witn a numDer of different nicdelc Indicate that most major phenomena were
correctly calculated, Dut that improvements in modeling small break behavior
are necessary.

I. INTRODUCTION

This paper descrioes Loss-of-Coolant Experiments (LOCE) L3-0, L3-1, and •
16-1, the first three experiments in the L3 Small Break Experiment Series
conducted in the Loss-of-Fluid Test (LOFT) facility and presents conclusions
reacneo to date from analyses of these three experiments.

Tne LOFT facility is a 50 MW (t) volumetrically scaled pressurized water
reactor (PWR; designed to reproduce, Doth in time and approximate magnitude,
tne significant thermal ano nyoraulic events expected in a commercial PWR
system during postulated loss-of-coolant accidents (LOCAs). A detaileo
description of the LOFT system is contained in Reference 1. The LOFT system
is aepicteo in Figure 1 whicn also shows the break location for each of the
three experiments.

The ODjectives of the LOFT experimental program, of which the L3 small
break experiments are a part, are: (a) provide data to assess the ability of
current computer codes to predict the thermal and hydraulic behavior of a PWR
during pipe oreaK transients, (b) identify ana investigate any unexpected
event(s) or thresho)d(s) in the response of the plant and develop analytical
techniques that adequately describe and account for these, (c) evaluate and
develop methods to prepare for, operate during, and recover systems and plant
from reactor accident conditions, (o) identify and investigate methods by
wnich the safety of nuclear reactors can be enhanced, with emphasis on the
interaction of the operator with the plant.

In response to increased interest in small break LOCA's generated by the
Three Mile Island (TMI) accident in March 1979, the LOFT L3 small break
experiment schedule was accelerated. The first small break experiment was
conducted in May 1979.

LOCE L3-0 was an isothermal (core power ~0) small break experiment. The
oreak location was the power-operated-relief valve (PORV) on tne top of the
pressurizer. LOCE's L3-1 and L3-2 were initiated with the core at 100% power
and were designed to simulate 4-in., and 1-in., breaKS, respectively, in the
reactor inlet piping of a commercial PWR.
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Tne ensuing discussion is divided into four parts. The first part
describes the significant phenomena observed in LOCE L3-0 together with a
comparison of code prediction of these phenomena. Parts two and three repeat
this for LOCE's L3-1 ano L3-2. Part four includes conclusions about
experiment results, code comparisons with the data and areas involving current
and future coae developments. The initial conditions for these three
experiments are founa in TaDle I ana the sequence of events in Taule II. A
complete compendium of the experimental data for each of these experiments may
oe found in References 2, 3, and 4.

2. LQCE L3-0

LOCE L3-0, conducted on May 31, 1979, was an isotnermal experiment with
negligible (M.2 KW) nuclear delay neat. The experiment was initiated by
opening the PORV located on the top of the pressurizer. The primary coolant
pumps were trippea at the initiation of the transient and emergency core
cooling (ECC) system injection was not initiated during the experiment.
System pressure decreased to saturation at 48 s. At this time, due to vapor
generation in the system, the pressurizer started to refill, the level
reaching the top of the indicating range by 80 s. The pressurizer continued
to indicate "liquid full" until approximately 1350 s and then the level slowly
decreased into the indicating range. After compensating the liquid level
indication for temperature effects, it was concluded that the actual liquid
level prooaoly started to decrease at approximately 200 s. The experiment was
terminated at 24o0 s Dy opening the quick opening olowoown valves, (QOBV's),
in tne oroi<en loops.

Tne measured system pressure is shown in Figure 2 with pretest
calculations using computer codes RELAP4/M0D6, and RELAP5. As can De seen,
tne predictions follow tne data well for ~400 s. At that time, the RELAP4
predictions show a faster depressurization than the data. Later in time, the
KELAPb prediction shows a slower depressurization rate relative to the data.
These deviations of the codes from the data resulted from a lack of sufficient
Knowledge aoout the geometry and two-pnase flow characteristics of the PORV
when the calculations were made.

During tne early part of the TMI accident, operators were unable to tell
whether mass was oeing lost from the system Decause the pressurizer level,
used in commercial PWR's as an indication of system liquid inventory,
indicated the pressurizer was full. This phenomenon was also noted during
L3-0 as the pressurizer level initially decreased during the subcooleo
olowdown phase and then increased as voids started to form in the remainder of
the primary system. It should be noted that there is no loop seal in the LOFT
pressurizer surge line, unlike TMI. Thus, the pressurizer fill can occur
independent of a surge line loop seal, indicating the potential role of
counter-current flow and flooding in the surge line and pressurizer.

The experimentally measured pressurizer liquid level, shown in Figure 3,
agrees well with the RELAP4 prediction. RELAP5 did not predict that the
pressurizer would fill. Posttest calculations using RELAP5 and improved
pressurizer nodalization correctly predict that the pressurizer would fill.

A future experiment, which will be similar to LOCE L3-0 except that the
core will be at power, will De used, in part, to assess the changes made to
the system modeling as a result of LOCE L3-0 and to determine the degree to
which the observed phenomena are dependent on power.
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3. LOCE L3-]

LOCE L3-1, conducted on November 21, 1979, was designed to simulate a
4-in., diameter break in the reactor vessel inlet piping of a commercial PWR.
The break orifice was located in the centerline of the broken loop cold leg.
The experiment was designed to be a noncommunicative break with the reactor
vessel outlet piping isolated from direct communication to the break and with
high pressure injection system (HPIS) flow less than break flow throughout the
transient. The reactor was scrammed 2 s prior to experiment initiation.
After all control rod bottom lights came on (at approximately -1.97 s), the
quick-opening blowdown valve in the broken loop cold leg was opened (defined
as time = 0 s) and the primary coolant pumps were tripped off.

The system pressure during LOCE L3-1, shown in Figure 4, is characterized
by a rapid blowdown to saturation followed by a slower depressurization until
~300 s at which time the liquid level in the broken loop decreased below the
level of the oreaK orifice, allowing steam to exit the break and increasing
the depressurization rate. System mass inventory continued to decrease until
approximately 640 s at which time the accumulator flow initiated on system
pressure. The combined HPIS and accumulator flow exceeded break flow ana the
liquid level in the system started to increase. At approximately 1000 s, the
break orifice was recovered and the depressurization rate decreased as a lower
quality fluid started to exit the break. A further decrease in depressuriza-
tion rate occurred at approximately 1800 s as nitrogen from the accumulator
startea to enter the system and slow down the depressurization. Depressuriza-
tion continued until low pressure injection system (LPIS) injection pressure
was reached at approximately 4200 s. After LPIS injection cooling was estate—~
lisned, LOFT was considered to be in a safe shutdown mode ana experimental
data recording for the experiment was terminated at approximately 4400 s.

At approximately 3600 s, the operator initiated steam generator steam
bleeding. No effect of this was seen on the primary pressure due to voiding
in the steam generator primary side and the fact that secondary pressure
remained higher than primary pressure.

Figure 5 shows the system pressure overlayed with tne preexperiment
calculations made by RELAP4a which was carried out to 2000 s. The
calculation closely follows the data except in the time frame when the break
orifice was uncovered, indicating, perhaps, the inability of this one
dimensional, homogeneous code to calculate the subtle effects of stratified
water level height with respect to the break orifice. This is also reflected
in the inability of RELAP4 to calculate the incomplete mixing of ECC flow with
system flow in the intact loop cold leg where significant thermal stratifica-
tion was measured in L3-1 and L3-2. RELAP4 also currently does not have the
capaDility to calculate the effects of non-condensible gas injection. Both of
these effects are important to a full understanding of ECC injection.

Other phenomena are also important to an understanding of the transient.
One of these phenomena is core thermal behavior. RELAP4 correctly predicted
benign core thermal behavior by predicting the core would remain covered with
water.

An important phonomena affecting the reactor vessel liquid level during
the transient is communication between the upper plenum ana downcomer. Steam
overpressure generated in the upper plenum is either continually relieved
through known mechanical bypass paths in the reactor vessel or between the hot
ana cola legs, or must wait for the pump loop seal to clear before being
relieved. In the latter case the overpressure builds, until relieved by
clearing of the loop seal, and depresses the fluid level in the core with the
potential of prematurely uncovering the core. In the former case this
potential does not exist.
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The loop seal did not clear in LOCE L3-1. RELAP4 calculations without
bypass in the reactor vessel predicted clearing of the loop seal. RELAP4
calculations with bypass were consistent with the experimental results, thai-
is the loop seal was not predicted to clear. Thus, in LOFT, the vessel bypass
is sufficient to continually relieve the steam pressure generated in ths upper
plenum and there is no potential for premature core uncovery.

In general, the code prediction correctly predicted the general trends of
the data including sequence and approximate timing of important phenomenon.
Areas of needed development include non-condensiDle gas injection as well as
thermal and phase stratification affects. Data from LOCE L3-1 are being used
to further develop the ability of these codes to predict the behavior of PWR's
during small break LOCA's.

4. LOCE L3-2

LOCE L3-2, which was designed to simulate a one inch diameter break in a
commercial PWR, was conducted on February 7, 1980. The transient was
initiated oy opening tne QOBY in the broken loop cola leg. The objective of
LOCE L3-2 was to determine the primary coolant system response when the break
flow i*. the same order of magnitude as the HPIS flow prior to initiation of
accumulator flow. This oDjective was met.

The system pressure response, shown in Figure 6, is characterized oy a
system pressure drop to 14 MPa by about 13 s at which time the reactor
scrammed on system low pressure. HPIS injection initiated automatically on
system pressure at 34 s. The pressurizer emptied at 136 s and the fluid in
the reactor vessel started flashing at about 180 s. Steam bleeding was
initiated at 4100 s, shortly before HPIS flow exceeded break flow at 4200 s.
Accumulator injection initiated at 5030 s. The system became subcooled at
8200 s. LPIS injection initiated at 21400 s and the experiment was terminated
at 23350 s when the plant was considered to be in a safe shutdown condition.

As in LOCE L3-1, the codes (RELAP4C, RELAP5b) correctly calculated
that the core would remain covered and cool throughout the transient resulting
in benign core thermal behavior. The codes also correctly calculated startup
of natural circulation in the intact loop and RELAP5 calculated the
effectiveness of bleeding steam in the steam generator to assist in primary
side depressurization. (RELAP4 calculations were terminated prior to bleeding
steam.) In the latter case, however, the RFLAP5 calculated cooling mode in
the steam generator was natural circulation. In the experiment, there is
evidence that natural circulation ceased by 3000 s at which time a different
mode of cooling started, possibly reflux cooling. Natural circulation
restarted at approximately 800n s. RELAP4 and 5 currently do not have a model
for reflux cooling.

A large difference in break flow was noted between the data and the code
calculations. BreaK flow was a factor of two greater tnan either of the codes
predicted particularly early in the transient. Other differences between the
calculations and data were noted in the system pressure history, (see Figure 7
which is an overlay of L3-2 data with code calculations), as well as
pressurizer drain time, core scram time, and loop fluid densities. These
differences are consistant with the more-than-calculated loss of system mass.

Sensitivity studies of these phenomena as a function of break flow were
made using RELAP4 ano RELAP5. These studies showed that if the break flow
were approximately a factor of two higher than initially predicted, the other
events (pressurizer drain time, scram time) would be correctly calculated,
thus confirming that the differences were due mainly to mass lost from the
system as opposed to excessive energy loss (for example, to the steam
generator). Subsequently, a thorough examination of the plant revealed
evidence of potential leakage in a valve in the core bypass warm-up line which
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directly connects the intact loop hot leg between the steam generator and the
pressurizer surge line to the broken loop cola leg between the break orifice
and the QOBV downstream of the break orifice. The amount of leakage, if any,
through this line cannot be precisely quantified and the difference between
calculated break flow and the data may be caused by a combination of this flow
which bypassed the break orifice and discrepancies in modeling the break flow
through the orifice. A future experiment, L3-7, initiated from the same
initial conditions, will aid in answering this question.

The codes are still being developed and improved as further data from the
L3 series and other experiments become availaDle. Some improvements that have
Deen made include: the use of independent small orifice break flow
measurements to improve break flow modeling (ongoing effort); a better
understanding of when and where to apply phase separation in steam/water
condition; addition of core bypass to the system model; better nodalization of
the pressurizer. Areas still requiring development include: effects of
non-condensiole gas, condensation heat transfer, and thermal and phase
scratification effects.

5. CONCLUSION

Tne main conclusions reached on the Dasis of tne analysis performed to
date of LOCE's L3-0, L3-1 and 13-2 are as follows:

(I) Tne core remained covered witn water and thermally benign throughout
tnese LOCE's since the ECC injection was sufficient to maintain system liquid
mass inventory hign enough.

(d) A oreaK at the top of the pressurizer can cause the pressurizer to fill
while system mass is Deing depleted, as was seen during the TMI accident,
under isothermal conditions.

(3) Bleeding steam from the steam generator was effective in reducing primary
pressure in L3-^. This operator action was not effective in L3-1. It is felt
that this decoupling of the primary and secondary system in L3-1 was caused by
the secondary pressure exceeding the primary pressure and Dy voiding in the
primary siae of the steam generator.

(4) Core bypass is an important factor in determining whether the loop seal
will void during small break transients. If there is sufficient direct
communication Between the upper plenum and the break, steam generated by the
core decay heat will be vented directly to the Dreak instead of depressing the
liquid level in the loop seal and consequently, the level in the core. While
this effect is less important in LOFT since the elevation of the loop seal is
higher than the core, in plants where the loop seal elevation is oelow the top
of the core, depression of the liquid level could result in partial core
uncovery.

(5) The RELAP4 and RELAP5 Codes are capable of correctly calculating many of
the significant system phenomena resulting from small breaK LOCA's including:
core liquid inventory; effectiveness of secondary steam bleeding in reducing
primary pressure; general depressurization trends, and pressurizer liquid
level.

(6) Areas where the RELAP4 and RELAP5 codes require further development
include: Dreak flow modeling; two-phase effects (regimes, slip), effects of
non-condensible gases, and condensation heat transfer.
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FOOTNOTES

a. The experimental RELAP4 code used was RELAP4/M0DG, Version 92, a
preliminary version of MOD?, Iaaho National Engineering Laboratory E6&G Idaho,
Inc., Configuration Control Number H00718B. The new object deck, which
includes changes to correct known coding errors cind to incorporate the LOFT
steam valve control logic into the code, was RLP4G92LFT03, Idaho National
Engineering Laboratory Configuration Control Number-HG10084B.

o. The experimental RELAP4 code usea was RELAP4/MQD6, Version 92,
{experimental version of RELAP4/M0D7), Idaho National : ngin^ering Laooratory
EG&G Idaho, Inc., Configuration Control Number H00718B. The new object deck,
which includes changes to correct known coding errors and to incorporate the
LOFT steaui valve control logic into the code, was RLP4G92LFT04, Idaho National
Engineering Laboratory Configuration Control Number H01168IB.

c. The version of the code used was RELAP5/M0D"0". The source deck and
update input data deck are stored under Idaho National Engineering Laboratory
EG&G Idaho, Inc., Configuration Control Numbers H005785B and H005985B,
respectively.

Intact loop Broken loop

Raactor « • • • • !

Fig. 1 LOFT System Configuration
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TABLE I. LOFT EXPERIMENT INITIAL CONDITIONS

Parameters L3-0

Power Level (MW)
Maximum Linear Heat

Generation Rate
(kW/m)

Primary Pressure
(MPa)

RV Inlet Temperature
(K)

M Outlet
Temperature (K)

Accumulator
Accumulator Pressure

(MPa)
HPIS Initiation
Pressure (MPa)

LPIS Initiation
Pressure

0.0042 + 0.001

Not Applicable

14.74 + 0.07

559.7 + 3

556.7 + 3

48.9 +_ 1

51.7 + 4

15.02 +0.03

554.0 + 3

574.0 + 3

49.0 + 1

52.2 + 4

14.85 + 0.03

557.8 + 3

575.8 + 3
Scaled to PWR nominal values

Not Applicable 4.37 j- 0.05 4.38+0.06

Not Applicable 13.17 +0.24 13.07+0.24

Not Applicable 1.02 + 0.24 1.59 + 0.24

TABLE II. CHRONOLOGY OF EVENTS FOR LOCE'S L3-0, L3-1, L3-2

Event

LOCE Initiated
Reactor ^crammed
Control Rods on Bottom
Primary Coolant Pumps Tripped
Pump Coastdown Complete
System Reached Hot Leg

Saturation Pressure
HPIS Initiated
Pressurizer Level Reaches
Minimum Indication

Pressurizer Refilled
S/G Bleed Initiated
Accumulator Injection Initiated
Primary System Becomes Subcooled
LPIS Initiated
Test Ended

Time After LOCE Initiation (s)
L3-0

0
a
d

" 11
15

48
D

48
73
b

d
2535
2460e

-2.
-0.
0.
19

19.
4.

17

3622.
6336

4240
4368

L3-I

0
15 +
y7 +
04 +

+

5 +
6 +

+

r
5 +

+

+
+

0.
0.
0.
1

0.
0.

1

1
0.

1
1

01
01
01

5
5

5

12
14
lo
35

180
33

136

4118
5029
8200
21418
23350

L3-2

0
.91 +
.98 +
.90 +

+

+

.8 +

+

~c
+
+
+

0.
0.
0.
1

1
0.

7

1
4
50
5

100

01
01
01

1

a. The reactor was not at power prior to L3-0.
b. These events did not occur for L3-O.
c. The pres.urizer did not refill for L3-1 or L3-2 until after the system

was in a safe cooldown condition.
d. The system did not become subcooled in L3-0 and L3-1 during the

experiment.
e. In L3-O, the test terminated prior to initiation of LPIS.
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ANALYSIS OF A STUCK OPEN PORV
IN THE PRESSURIZER OF THE MAINE YANKEE REACTOR

Gilbert J. Brown, University of Lowell, Lowell, Massachusetts O1352*

Liliane Sohor, Ausaf Husain, and Joe C. Turnage
Nuclear Engineering & Development Department

Yankee Atomic Electric Company, Westboro, Massachusetts 01581

ABSTRACT

A stuck open power operated relief valve (PORV) (area
8,75x10""** m2) in the pressurizer of the Maine Yankee Reactor has
been analyzed using the RELAP4-EM and TOODEE-2 computer codes. The
reactor, modeled to be operating at full power when the PORV opens,
loses pressure and eventually scrams at 151.4 seconds into the
transient. At the time of the reactor scram there is an assumed
loss of power to the primary pumps and isolation of the steam
generators by closure of the main feedwat^r and steam valves. The
energy removed through the open valve plus heat transferred to the
steam generators is more than adequate to keep the reactor from
overheating. At 2880 seconds into the transient, assuming no
secondary feedwater, the flow out the PORV starts to remove more
energy than is being produced by core decay heat.

INTRODUCTION

Small break loss of coolant accidents coincident with the complete loss
of feedwater and auxiliary feedwater may be divided into three categories.

- small breaks which are large enough to depressurize the primary system to
a level at which emergency core coolant (ECCS) injection and accumulator
actuation are more than adequate to remove the decay heat;

- somewhat smaller breaks where the flow through the break and the
ECCS injection .maintain the pressure in the primary system equal to the
pressure in the secondary side of the steam generators; and,

- very small breaks where the energy flow out of the break is less than
that produced by decay heat, in which case the primary system will
repressurize beyond the cut off point of ECCS or to a point at which ECCS
flow is insufficient. Here one would like to know if the pressurizer
relief valve can be used to remove decay heat, decrease the pressure in
the primary system and initiate the start of the emergency core coolant.

To gain understanding of these issues, the instantaneous opening of one
of the power operated relief valve (PORV) in the pressurizer of the Maine
Yankee reactor has been analyzed. The reactor is modeled to be operating at
full power when the PORV opens. The open valve (flow area = 8.75x10~%i2 =
1.35 in2) results in a decrease in system pressure which eventually leads to
a reactor scram at 151.4 seconds into the transient.
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Table I describes the various trip signals modeled for the analysis of
this accident including the time into the transient at which each trip was
initiated. "3 indicated, at the time of the reactor scram there is an assumed
loss of power to the primary pumps and Isolation of the steam generator by
closure of the main feedwater and steam valves. Throughout the transient, the
PORV remains open. Two scenarios are then followed: one with auxiliary
feedwater flow to the steam generators initiated approximately 15 minutes
after the reactor scram, the other assuming a complete loss of feedwater.

METHOD OF ANALYSIS

Evaluation of this small break LOCA was based on the NRC approved
licensing analysis for Erurgency Core Cooling System (ECCS) performance and
involves the use of two computer codes to calculate the thermal-hydraulic
performance of the reactor system.^15 The RELAPH-EM code (version YAEC-C5B)
was used to perform the overall system response and the T00DEE-2 code (version
YAEC-QU) was used to calculate the maximum fuel rod temperatures and
percentages of clad oxidation. The models used in the EELAP4 blowdown and hot
channel evaluation and the attendant T00DEE2 calculation are identical to
those presented in Reference (2).

In the RELAPJJ calculations, heat transfer is assumed to take place in the
core region from the fuel to primary coolant through 5 heat slabs and in the
steam generators from the primary coolant to the secondary coolant through 12
heat slabs. The bubble rise option was employed in the appropriate volumes so
that mixture levels in the core, pressurizer and steam generators could be
evaluated. A detailed description of the Maine Yankee small break LOCA model
is presented in Reference (2).

DISCUSSION

In this analysis, the ability to remove fission and decay heat generated
by the fuel, and to avoid overheating the fuel is of paramount importance..
The emphasis is thus on the overall primary system heat balance. Since the
steam generator becomes isolated by closure of the main feedwater and steam
valves, it turns into a "pressure cooker" with an initial inventory of water
and steam which is heated by the hot primary coolant. Continued heat transfer
in the steam generators will increase the secondary pressure until the steam
generator relief valves open, resulting in a release of secondary coolant
(feedwater). Once the pressure falls below a set level, the relief valveit
close and the pressure again begins to build up. This is an effective
mechanism for heat removal from the system which lasts until the initial
inventory of secondary water runs out. The steam generator without any
feedwater inventory then become.* incapable of removing any heat from the
primary system.

During a loss of coolant accident, energy is also removed from the system
by flow out the break, in this case the open PORV. Finally, consideration
must be given to energy entering the system through any emergency coolant, flow.
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RESULTS

The results presented are identical for both cases with and without
auxiliary feedwater up to 900 seconds. After that time the transient with
auxiliary feedwater was arbitrarily continued for another 600 seconds. The
transient without auxiliary feedwater was run for one hour. In the following
paragraphs several key system parameters will be discussed with emphasis
placed on the case without feedwater.

Reactor Power - The reactor operates at essentially full power (2683 MW) for
about 150 seconds (until the reactor scrams). After the reactor scrams, the
decay heat power becomes significant and the amount remains fairly level,
decaying slowly to about 64 MW at 1500 seconds and 48 MW at 3600 seconds.
Decay heat was conservatively calculated using 1.2 times the AN1 '"5.1)
Standard.

System Pressure - Figure 1 shows the pressure response of the pressurizer for
the case without auxiliary feedwater. Up to 900 seconds the curve is
identical to the case in which auxiliary feedwater is initiated. A detailed
discussion of the pressure response follows.

In the present analysis, the small size of the break area is such that
there is no rapid depressurisatioo of the primary system. As given in Table I
and indicated in Figure 1, it takes about 150 seconds for the presure in the
pressurizer to fall below the reactor scram point of 126.0 bars (1868 psia).
After the reactor scram, the primary system pressure continues to fall and the
emergency core cooling pumps are activated 30 seconds after the setpoint
pressure of 108.8 bars (1578 psia) is reached. The set point pressure is
reached at about 175 seconds into the transient. The pressure continues to
fall to about 75.84 bars (1100 psia) then recovers slightly to almost 82.74
bars (1200 psia). The improved heat transfer in the steam generators for the
case where the auxiliary feedwater is initiated at 900 seconds results in a
decline in pressure such that at 1500 seconds the pressure is just above 68.95
bars (1000 psia).

For the case without feedwafcer, the pressurizer pressure stays relatively
constant up to about 2000 seconds when the pressure starts to oscillate
approximately +_ 3.45 bars (50 psia). These pressure oscillations are due to
the intermittent opening of steam generator secondary coolant pressure relief
valves. This mechanism of energy removal from the stesam generator also
explains the observed oscillations in the other system parameters. After
about 2600 seconds steam generator dryout occurs and the system presure
increases. This increase, however, is attributed to calculational
difficulties related to RELAP's inability to treat adiabatic heat slabs.
Thus, results presented after this point need to be interpreted with caution.

Steam Generator Heat Removal - Initially, the reactor power is principally
removed from the primary system by heat transfer to the secondary coolant in
the steam generators. Figure 2 shows the instantaneous heat transfer rate
leaving the primary coolant and entering the inside surface of the steam
generator tubes. In the graph there are two curves and two dependent axes.
The lower curve represents the heat transfer rate and corresponds to the axis
labelled "POWER (MW)". The upper curve is the ratio of the heat transfer rate
to the core power and corresponds to the axis labeled "normalized power
(percent)". This figure shows the results for only one of the three steam
generators in the Maine Yankee plant. The other two steam generators behave
similarly.
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The steam generators operate in essentially a steady state mode until the
reactor scrams. At this time, the amount of power transferred decreases
sharply but since the core power drops much faster than the core flow rate the
ratio of the rate of heat transferred, to the power produced, increases
sharply with the result that for about 100 seconds, much more energy is
transferred from the primary than is being produced by the core. This over
cooling situation is shortlived and at about 300 seconds into the transient
the steam generators are removing less than one-third of the core power.
Throughout the remainder of the analysis the rate of heat removal in the steam
generators never exceeds the rate of heat generated by the core.

PORV (Leak) Flow - The leak flow from the open PORV is given in Figure 3 for
the case without auxiliary feedwater. The leak flow was calculated using the
Henry Fauske/Moody critical flow model with a 1.0 multiplier for both the
subcooled and saturated flow regimes. The flow which was initially pure steam
with a mass flow rate of about 21.3 kg/sec (47 lbm/.sec) drops slightly as the
pressurizer pressure drops. Once the pressurizer goes solid, the flow rate
increases sharply to over 36.3 kg/sec (80 lbm/sec). For about 200 seconds
after the reactor scram, when the pressurizer bubble reappears, the flow out
th~ PORV turns to pure steam at a rate of about 9.1 kg/sec (20 lbm/sec). When
the pressurizer goes solid again, the flow rate increases to over 36.3 kg/sec
(80 lbm/sec). The flow rate out the open PORV then fluctuates with the
changes in primary system pressure.

Energy also leaves the primary system through the open PORV. The rate of
energy removal is given by the product of the flow rate and the specific
enthalpy of the flow and is given in Figure 4 for the case without auxiliary
feedwater. The curve labeled PORV (initially at 58 MW) represents the
instantaneous power in megawatts and the curve labeled PRV/CORE (initially at
2%) is the ratio of this power to the core power in units of percent. For the
case without auxiliary feedwater, the rate of energy removal out the open PORV
exceeds the rate of core energy production after about 2850 seconds. At 1500
seconds for the case with auxiliary feedwater the ratio is about 70%.

Emergency Coolant Flow - The emergency coolant flow starts 30 seconds after
the reactor scrams, at 205 seconds into the analysis. A total flow of about
29.5 kg/sec (65 lbm/sec) at a temperature of 43.3°C (110°F) enters the
primary system through the cold legs and remains practically constant
throughout the analysis.

As previously discussed, the amount of energy delivered to the primary
system by the emergency coolant should also be considered in a system energy
balance. In the cases analysed in this report, there is about 5.5 MW of power
delivered to the primary system once the emergency coolant starts to flow.
This power level remains fairly constant throughout the analysis.

Mixture Levels - The mixture level in the pressurizer is identical for both
cases analyzed. Initially, the level rises due to the loss of flow out of the
open POHV. However, after the reactor scrams, the sudden loss of power and
resultant over-cooling in the steam generators shrink the water level in the
entire primary system. A steam bubble reappears in the pressurizer and
shortly thereafter, as primary coolant inventory continues to flow out the
open PORV, a bubble appears in the upper plenum of the reactor vessel. At no
time does the level drop to the point where the core becomes uncovered.
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Energy Balance - The results of an overall primary system energy balance are
presented in Table II. This energy balance was performed at specific times by
integrating the appropriate power data. The integrals are performed from the
start of the analysis to the time of interest. In particular, the integral of
the core power is added to the integral of the rate of energy flow delivered
to the system from the emergency cooling. This sum is then subtracted from
the sum of the integral of the steam generator heat transfer rates and the
integral of the rate of energy flow out the PORV.

For example, at the time of the reactor scram more energy has been
removed from the system (^.KMxiO^MW-sec) than has been added
(3.960x10-'MW-3ec) for a net energy balance of +0.224 MW-sec. Furthermore,
more energy is being removed from the primary system through the PORV and the
steam generators than is being generated by the core and being added by the
emergency coolant. It should be noted that the results presented in Table II
are integral results and that there are periods of time where a negative
instantaneous power balance exists.

CONCLUSIONS

Using the RELAP4-EM and TOODEE2 computer codes, the case of a single
stuck open PORV in the pressurizer of the Maine Yankee reactor has been
analyzed. The energy removed through the open PORV plus the heat transfer to
the steam generator is more than adequate to keep the reactor from
overheating. For the case with auxiliary feedwater, at 1500 seconds into the
analysis, about two-thirds of the core power is being removed through the
steam generators. The PORV at this time removes about two-thirds of the core
power. Therefore, the PORV will be required up to the point the steam
generators refill to the level where they become capable of removing 100?6 of
the core power. For the case without auxiliary feedwater, after about 2880
seconds, more power is removed through the open PORV than is being produced by
decay heat in the core. In either case, the pressure in the primary system
remains less than 110.3 hours (1600 psia) throughout the analysis which is
well below the emergency coolant shut off point.

A peak clad temperature of about 645.6°c (1194°F) occurs prior to the
reactor scram; at the end of the analysis the peak clad temperature is less
than 371.1°C (700°F). The peak clad temperature was calculated with the
very conservative assumption that critical heat flux is reached at the time of
the break. At all times the core remains covered, whether or not auxiliary
feedwater is initiated.
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TABLE I
SYSTEM TRIP SIGNALS

TRIP DESCRIPTION
Start Problem
(initialization)
PORV Opens
(transient begins)

SIGNAL

time

time

TIME
0.0 seconds

0.005 seconds

Reactor Scram
(control rods inserted)

Steam Generator Isolation
(steam and main feedwater

valves closed)

126.1 bars (1828 psia)
0.9 second delay

TABLE II

SYSTEM INTEGRAL ENERGY BALANCE (X1O"5 HW-SEC)

151.4 seconds

Primary Pump Coastdown
(loss of power)
Emergency Cooling
(high pressure)
Auxiliary Feedwater
(two scenarios)
End of Analysis
(two scenarios)

108.8 bars (1578 psia)
30.0 second delay

time

time

205

a)
b)
a)
b)

seconds

900 seconds
3600 seconds
1500 seconds
3600 seconds

DEVICE

STEAM

PORV

ECCS

CORE

HETa

TIME
(sec)

GEM

150

1.097

0.087

0.0

3.960

0.221

BOTH CASES
600

1.999

0.222

0.02?

1.526

0.673

900

5.190

0.113

0.039

1.732

0.B32

WITH AUX
1200

5.326

0.510

0.056

(1.911

0.666

. FEED
1500

5.163

0.667

0.071

5.151

0.901

1200

5.256

0.551

0.056

1.911

0.806

150:

5-370

0.680

0.071

5.151

0.822

WITHOUT
2000

5.570

0.907

0.101

5.181

0.895

AUX. FEED
2500

5

1

0

5

0

.656

.130

.132

.733

.921

3000

5.713

1.388

0.159

5.985

0.957

3600

5.713

1.779

0.191

6.300

1.001

NET = STEAM GENERATOR + PORV - ECCS - CORE
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REACTOR COOLANT SYSTEM COASTDOWN
AND NATURAL CIRCULATION
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ABSTRACT

A fast-running scheme was developed to predict the long term tran-
sient behavior for the natural circulation of the PWR primary system.
Coastdown and natural circulation flow for the Davis-Besse 1 plant was
calculated and compared with the measurement. It was also used to predict
the cold shutdown of TMI-2. Its calculational results indicated that a
natural circulation flow rate of approximately 50 Kg/sec can be obtained.
The agreement between the predicted natural circulation flow with the
measured data was reasonably satisfactory.
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Time

Axial velocity

Axial distance

Density

Drag

INTRODUCTION

F
g
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h
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q"'

Body force

Mass velocity

Enthalpy

pressure

Energy source

One of the practical problems that arises in reactor safety analysis
is the computation of the rate of coastdown of coolant flow when the power
to the pump is cut off. In the reactor primary loop, the flow rate of the
core as a function of time must be known in order to ensure sufficient coo-
ling of the fuel elements. During the early stage of the coastdown, the
gravity head is small compared to the pumping head so that it may be
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neglected. When the flow has been significantly reduced, this is no longer
true; and the gravity effect must be taken into account. Because the den-
sity of the fluid is a strong function of temperature, the temperature
distribution along the entire primary loop has to be determined accurately
to provide the correct gravity head. This implies that the continuity,
momentum and energy equations must be solved during the entire transient
process.

The review indicates that several system codes, such as FLASH[1],
RELAP[2], and CRAFT2[3], have been developed for LWR systems. The appli-
cation of these codes has been primarily focused on the loss-of-coolant
(LOCA) analysis. Another code, CADDS[4], is designed to handle the loss>-
of-flow transient analysis. However, its omission of the momentum equation
for the primary system makes the prediction of natural circulation impos-
sible. CRAFT2 and RELAP4 have much greater flexibility for modeling the
LWR system. The major drawback for CRAFT2 is probably its long running
time, which makes its extensive use impractical. RELAP4 is much faster
than CRAFT2, but like CRAFT2, it is typically limited to a rather small
number of nodes in the steam generator model. Therefore, it can be seen
that one logical alternative is to upgrade the present version of CADDS
by implementing the momentum equation for the primary system. This new
version of CADDS is called CADDS/NATURAL and the solution procedure is
presented herein.

CALCULATIONAL MODELS FOR CADDS/NATURAL

Considering the flow as one-dimensional, the governing equations for
the primary system are as follows:

Continuity equation: j£ + — g ^ = 0, (1)

Momentum equation: £ (pu) = _ JL (pu2) _ jg - |§ + Fg, (2)

Energy equation: _jL (pfa) + JL ( h ) _ q... + |£ (3)

In the present analysis, a simultaneous solution for all these equations is
not sought. Instead, the energy and continuity equations are solved first;
the updated enthalpy and density are then used by the momentum equation to
predict the flow coastdown rate in an advanced time step. The updated flow
rate enables the energy equation to advance in time and the entire proce-
dure is repeated. CADDS/NATURAL has a multinode once-through steam gene-
rator model. In addition to the governing equations for the primary
system, continuity, momentum, and energy equations for the secondary side
of the steam generator are also formulated. In the two-phase region,
CADDS/NATURAL assumes thermal equilibrium between the phases, and Thorn's
correlations [5] are used to calculate the slip ratio between the steam
and liquid phases. In addition, the governing equations of the secondary
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side of the steam generator are coupled to those of the primary system by
the conduction equation of the tube. The system of these equations is
solved in an iterative manner.

CALCULATIONAL RESULTS VS. PLANT DATA

In order to verify the validity of the integrated CADDS/NATURAL
model, a special case was constructed to model the Davis-Besse 1 plant;
and the calculational results were compared to the measurements[6]. On
November 28, 1978, TECO personnel initiated the test procedure for natural
circulation on the reactor coolant system at Davis-Besse 1. The natural
circulation test was initiated by tripping the reactor coolant pumps while
maintaining approximately 4% core power. Feedwater was fed into both steam
generators through the auxiliary nozzles. Natural circulation flow rates
ranging from 4.9 to 5.6% were reported (as shown in Figure 1). The geo-
metry of the. plant and the thermal conditions during the test are given in
Table I. In order to obtain reasonable resolution of the density distribu-
tion, the core and steam generator are divided into 12 and 52 elevations,
respectively. In CADDS/NATURAL, the reactor and upper plenum are treated
as part of the hot leg, and the downcomer and lower plenum are treated as
part of the cold leg. In addition, no pump model is present in the current
version of CADDS/NATURAL, but the resistance of the pump is modelled by a
form loss in the cold leg region.

Uncertainty in the feedwater rate exists because the operator con-
trolled the speed of each auxiliary feedwater pump and attempted to hold
the water level in each steam generator to some desired level. Analysis
of the data reveals that the feedwater flow rates ranged from 12.6 to 88.3
Kg/second and that no average steady-state flow rate could be derived from
the data. As a result, a reasonable value between the two reported limits
had to be selected for use in CADDS/NATURAL calculations. Throughout tha
entire natural circulation test, only the auxiliary feedwater was used and
water was sprayed into the steam generator from the top. The heat transfer
mode is basically pool boiling. This cannot be modelled exactly in the
present version of CADDS/NATURAL since the code always uses a forced con-
vection heat transfer model with feedwater coming in from the main feed
nozzle.

The result of the calculation is shown in Figure 2, where the norma-
lized system flow rate is plotted versus time. It can be seen that the
system flow rate decreases very quickly in the first ten seconds. As soon
as the flow rate is down to a few percent of the initial flow, the gravity
effect begins to become important and causes the system flow to oscillate.
The flow oscillates back and forth for several hundred seconds
before an equilibrium natural circulation flow rate can be established.
Physically, this is the flow rate that creates a gravity head exactly
equal to the head loss due to friction and irrecoverable form losses. From
Figure 2 it can be seen that the natural circulation flow rate predicted
by CADDS/NATURAL is approximately 6.8% of the initial flow. This is close
but higher than the measured value of 5.6%. The discrepancy between the
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predicted and measured natural circulation flow rates is due to the uncer-
tainty of the heat transfer model of the steam generator, the feedwater
rate, and the friction and form loss coefficients. Naturally, better
agreement between the measured and predicted values can be obtained if
the aforementioned uncertainties are resolved. However, it is reasonable
to believe that che CADDS/NATURAL prediction is, in general, realistic.

CALCULATIONAL RESULTS FOR TM1-2

To ensure a safe cold shutdown for the TMI-2 plant, it was necessary
to demonstrate that the primary system was capable of sustaining a natural
circulation flow rate that is adequate to prevent boiling in the core. In
the present analysis, the TMI-2 plant was modelled by CADDS/NATURAL, and
its natural circulation flow rate predicted.

The geometric configuration of the TMI-2 plant is somewhat similar
to that of the Davis-Besse plant except that the TMI-2 steam generator
is at a lower elevation than that of Davis-Besse 1. The geometric para-
meters of the plant and the operating thermal conditions used in the ana-
lysis are listed in Table II. The noding scheme for the TMI-2 analysis
was the same as that used for the Davis-Basse analysis. In the present
analysis, a natural circulation calculation for one loop was performed.
While this was not entirely true under forced flow conditions because of
reverse flow in the idle loop, it did not prevent obtaining a valid steady-
state natural circulation solution under conditions considered herein. In
addition, the omission of the pump head in the TMI-2 analysis tends to
yield the maximum flow coastdown and maximum transient core temperature
while natural circulation is being established. To account for the effect
of the core resistance caused by extensive damage, a modified core form
loss coefficient was used in the CADDS/NATURAL analysis. Based on the
measurement of the core flow, the form loss coefficient of the damaged core
was estimated to be approximately 400 times the normal core form loss. The
result of the calculation is given in Figure 3, in which the core flow is
plotted against time. It can be seen that CADDS/NATURAL predicts a very
fast coastdown of the system flow before it approaches a steady state of
approximately 50.0 Kg/second. With only 1.6 MW thermal power, this mass
flow rate is more than adequate to keep the cora from boiling. In addi-
tion, the predicted core temperature rise and the measured data are given
in Figure 4. The predicted core temperature rise has a much larger magni-
tude of oscillation in the initial stage of the coastdown. This is due to
the absence of a pump model in the present version of CADDS/NATURAL. In
the later stage of the transient, the measurement indicated a temperature
difference of 8.0°C between the hot and cold legs, while CADDS/NATURAL pre-
dicted a AT of approximately 7.0°C. Evidently, the agreement between the
measured and predicted AT was quite good.

CONCLUSION

Based on the comparison with the measured data, the CADDS/NATURAL
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code has demonstrated its capability of predicting long-term transient and
natural circulation in the PWR primary system. The analysis also con-
firmed that natural circulation was a viable option for the TMT-2 cold
shutdown operation.
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TABLE I. GEOMETRIC AND THERMAL PARAMETERS USED IN DAVIS-BESSE TEST CASE

Core power, MWt 106,7

Initial core inlet enthalpy, J/kg 1.272 x 10

Primary system pressure, pascals 1.507 x 10

Initial system flow rate, kg/s 1.65 x 10

Feedwater flow rate, kg/s 12.62-88.31

Feedwater inlet temperature, °C 23.33

Secondary system pressure, pascals 6,206 x 10
2

Core: flow area, m 4.57

hydraulic diameter, m 0.013

active length, m 3.66
2

Steam Generator: flow area, m 2.44

(primary side) hydraulic diameter, in 0.014

active length 15.85
Hot leg diameter, m 0.914
Cold leg diameter, m 0.711

TABLE II. GEOMETRIC AND THERMAL PARAMETERS USED IN TMI-2 ANALYSIS

Core power, MW 1.6

Initial core' inlet temperature, °C 105

Primary system pressure, pascals 6.210 x 10

Initial flow rate, kg/s 4.695 x 103

Feedwater inlet enthalpy, J/kg 1.4157 x 105

Secondary system pressure, pascals 1.241 x 10

Core: flow area, m 4.57

hydraulic diameter, m 0.013

active length, m 3.66
2

Steam Generator: flow area, m 2.44

(primary side) hydraulic diameter, m 0.014

active length, m 15.85

Hot leg diameter, m 0.914

Cold leg diameter, m 0.711
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EXPERIMENTAL AND ANALYTICAL INVESTIGATION
OF A PWR NATURAL CIRCULATION LOOP

by

Y. Zv1rfn<l,2), P. R. Jeuck III^), c. W. Sullivan^) and R. B. Duffey(1>

Abstract

A theoretical and experimental study of a natural circulation loop rele-
vant to PWRs is presented. The analysis is based on a one-dimensional model
in which the continuity momentum and enerqy equations are given and solved.
The steady-state and transient flow rates and temperatures are derived. The
apparatus consisted of an electrically-heated section arid two parallel loops
with heat exchangers. Both steady-state and transient experiments were con-
ducted to study the effects of the core flow resistance, the power d i s t r i -
bution, and the upper plenum design. Flow oscillations were observed under
certain conditions, which were accompanied by instabi l i t ies and flow rever-
sals. Reasonable agreement (±30%) is obtained between the analytical and
experimental results and with available plant data.

Nomenclature

A - cross sectional area
A^ - heat transfer area
a - geometrical parameter, $ ds/A(s)
c - specific heat
D - diameter
f - friction coefficient
g - acceleration of gravity
H - heat transfer parameter, H = hA^
h - heat transfer coefficient
K - friction factor
L - length
m - secondary coolant mass flow rate
P - input power
0 - volumetric primary flow rate
q - heat flux
R - overall friction factor, eq. (2)
Re - Reynolds number
r - overall laminar friction factor
s - spatial coordinate
T - temperature
t - time
u - velocity

V - volume of primary fluid
z - vertical coordinate
AZ - driving head, ea. (6)
6 - thermal expansion coefficient
p - density
o$ - reference density
T - time constant

Subscripts
C
D
e

cold leq
bottom of core
secondary flow outlet

H - hot leg
P - end steady-state conditions,

primary side
R -• core (heated section)
s - heat exchanger
UP - upper plenum
0 - secondary flow inlet
1 - primary side
Ii - initial conditions, primary side
II - secondary side

(1) Nuclear Safety and Analysis Department, Electric Power Research Institute,
Palo Alto, California.

(2) On leave from the Faculty of Mechanical Engineering, Technion, Haifa, Israel,
(3) Mechanical Research Program, Engineering Sciences Laboratory, SRI

International, Menlo Park, California.
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1. Introduction

It has been realized, recently, that natural circulation may play an
important (and even crucial) role in lonq-term cooling of nuclear reactors.
However, although free convection loops (thermosyphons) have been attractive
for other engineering applications and appear in some geophysical phenomena,
information on such loops in nuclear reactors is quite scarce. Most of the
available information concerninq the latter application is related to two-
phase flow instabilities, c.f. refs. [1,2]. Recent work on nuclear appli-
cations is mainly concerned with transient behavior and stability of liauid
metal fast breeder reactor loops (LMFBRs), e.g. refs. [3,4]. A simplified
treatment of a single phase loop of a nuclear reactor, in order to obtain an
estimate of the steady-state flow rate and core temperature difference, is
presented by Lewis [5].

Japikse [6] reviewed some other technological aspects of thermosyphons.
Zvirin [7,8] reported data of a commercial full-scale solar heater and pre-
sented analytical methods for evaluatinq the performance and stability of the
system.

Simple loops have also been studied theoretically and experimentally in
order to gain a better understanding of basic phenomena in thermosyphons.
Steady state motions, stability characteristics and transients in vertical and
toroidal loops were investigated, c.f. refs. [9-13]. Zvirin [13] analyzed the
effects of a throughflow on the behavior of the vertical loop. This case may
be important in a nuclear reactor loop when makeup water must be added to the
coolant.

The present work is an analytical and experimental investigation of a
natural circulation loop relevant to pressurized water reactors (PWRs). The
coupled momentum and energy equations for the fluid in the loop are derived
and solved, to yield the steady state and transient behavior of the loop.

The experiment consisted of a small-scale system, representing a PWR.
The system has an electrically heated core and two loops with heat exchangers
simulating the steam generators. Experiments of various steady state and
transient flows were performed with one or two-loop operations. Comparison
with the analysis shows relatively good agreement.

Most of the tests which began or ended with one-loop operation were
performed by allowing no water flow in the secondary side of the inactive
loop. All these flows were stable and no oscillations were observed in the
transients. Strong oscillations, implyinq an instability were discovered,
however, for a transition between two steady one-loop operations, where the
former was run with a valve shutting off the primary flow in one loop. This
paper summarizes the main results of the analysis and the experiments. A more
detailed description and discussion, including the effects of various core
flow resistances, upper plenum configuration and heater arrangement appear in
ref. [14].

2. Analysis

The natural circulation flow in the loop is described, following conven-
tional formulations, by a one dimensional model utilizing mass, momentum and
energy conservation. The temperature T is then taken as the mean cross-
sectional. Use is being made of the Boussinesq approximation, i.e. the den-
sity p is considered constant (having a reference value pz) j n the governing
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density p is considered constant (having a reference value pA) in the
qoverning equations except for the buoyancy force term. The other fluid
properties (such as viscosity and specific heat) are also considered
constant. It follows, then, from continuity considerations that the flow rate
in the loop, Q(t), and the mean velocity, u(t) are uniform and deoend only on
the time, t.

The momentum equation is obtained by integration around the loop, thus
the pressure term is eliminated:

Pt a g/pdz - \ H RQ* (1)

where R is the total flow resistance parameter, defined by:

R S / « J s I f. — L 4 + E 14 (2)
» Mr 1 1 n A ^ i A

UA 1tubes V i Jform Aj
In the last expression the total friction losses were separated into losses in
tubes, where the friction coefficients are fi and L-j are the lengths, and form
losses in the various components of the loop, where Kj represent the friction
factors in the usual way. It is noted that the friction coefficients and
factors depend on the Reynolds number of the flow and the geometry in each
component. For laminar flow, it is expected that the last term in eq. (1)
will be proportional to Q (rather than Q2).

The energy equation is written separately for each component of the loop:

P cA f|X + u £.) = q (3)
i. 11TE 3sy

where q = P/LR in the heated section, q = 0 in the (insulated) pipes and
q = - hirO (T - TT,) in the exchanaers.

The coupled momentum and energy equations (1) and (3) govern the fiow in
the loop. The necessary boundary conditions are continuity of the temperature
around the loop. For the transient solutions appropriate initial conditions
must be specified.

At steady state all the time derivative terms in equations (1) and (3)
disappear. The solution of the last equation is uniform temperatures in the
connecting pipes leading from the upper part of the core to the heat exchanger
(the "hot leg") and back (the "cold leg"). Continuity of the temperature
requires, then, that the hot leg temperature be equal to the outlet tempera-
ture of the core (and inlet to the heat exchanger).

For steady state, the coupled governing equations can be solved as
follows: first, the energy equations are solved for the temperature distri-
butions. The flow rate Q is a constant parameter, which is still unknown at
this stage. The results for the temperature are then used, together with an
equation of state for p(T), to evaluate the integral in eq. (lj, and an alge-
braic equation for Q is thus obtained. The solution can now be used to calcu-
late the temperature distribution.

An exact solution of eq. (3) yields for a uniformly distributed input
power, a linear temperature profile in the heated section. The temperature
difference of the core (or between the hot and cold legs) is then, given by:
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B TH " Tc fa
At

An approximate integral method is used for solving the enerqy equation
(3) for the heat exhanger, yielding:

P& CQ (TH - Tc) = hnOsLs (Tj - T n ) (5)

Assuming, now, a linear temperature distribution of the primary fluid in the
heat exchanger and also that the density p depends linearly on the tempera-
ture: p = pi [1 - e(T - TJI)]» the integral in eq. (1) is reduced, to:

ATR [^ ( L S - L R ) ] = ATR AZ agPjL (6)

where d. is the elevation of the bottom of the heat sink above that of the
heat source; i t may be negative las, for example, in the experimental system
discussed in this work), AZ, as defined in eq. (6), is the equivalent driving
head. In the following, the subscript i w i l l be omitted for brevity.

Introducing now (6) and (4) into eq. (1) for the steady state, the f o l -
lowing expressions are obtained for the flow rate and the temperature di f -
ference:

p1/3 £ 2 / 3 W 1 / 3 turbulent flow <7a>
For laminar flow, the resistance parameter can be written as: r = R/Q and the
resulting flow rate and temperature difference are:

1 a m i n a r f l o w # ( 7 b )( )
c p9 AZ pc

Once Q and AT R have been determined, eq. (5) can then be used to calculate the
temperatures TH and Tc, with reference to the secondary side temperature

The objective of the following transient analysis is mainly to estimate
the time constant of the system. For this, the energy equation is written now
as an overall balance:

pcV %. (TI " V = P - ; c (Te " To) (8)

Thermal inertia of the secondary flow in the system is very small compared to
the primary and can be neglected. The average primary temperature is taken
as: Tj = (TH + Tc)/2.

Another equation is derived from a heat balance on the heat exchanger:

hAH {Tj - T n ) = m c (Te - TQ) (9)

where the average secondary side temperature is T n = (T + T )/2.
Introduction of these relationships into eq. (8) leads to the equation;

^ m (Ti " V + ."cH (Ti - V = p

m c + H/2
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which has the following solution:

TI " Tp + (TIi " Tp ) e "t/T

where:

T _ pV (m c + H/2) . T = T + P (m c + H/2) (12)

rii H p ° ilt c H

It is noted that the transient behavior is mainly governed by the heat
transfer in the heat exchanger, as indicated by eqs. (11,12). On the other
hand, the important steady-state parameters—flow rate and core temperature
difference—depend on the flow resistance. Thus, steady and transient experi-
ments allow us to evaluate these effects, and this was the purpose of the
experimental investigation.

3. Experimental

Experiments were carried out to study the steady state and transient
flows in a natural circulation water loop and to verify the analytical
model. The system, shown in Figs. 1, 2, is described in detail in
ref. [ 1 4 ] . It consists of a heated section and two parallel loops with heat
exchangers. Various configurations of the heater, the upper plenum and the
orifice plate above the core were used to test the effects on the flow
behavior. The measurements included temperatures at various locations, see
Fig. 1, secondary cooling water flow rates and the electric power input to the
heaters.

An experimental run consisted usually of establishing two steady-state
conditions and measurement of the transient between them. These were one-loop
and two-loop operation, achieved by letting secondary cooling flow through one
or both of the heat exchangers.

4. Results and Discussion

The average steady-state results of the experimental tests and the
analysis are summarized in Table 1. The most important parameter which can
serve to characterize the system behavior at steady state is the temperature
difference over the heated section, A T R ; the flow rate in the loop is directly
related to it, e.g., eq. ( 4 ) . The spread of the data of A T R (for the same
power) was quite s m a l l — 1 . 5 ° C for one-loop and 1.1°C for two-loop opera-
tions. The conclusion is that the resistance of the tubing in the loop domi-
nated the flow and not the configuration of the vessel heaters, upper plenum
and orifice plate. However, the deviations between the data points are sig-
nificant enough to enable examination of the vessel geometry effects, c.f.
ref. [ 1 4 ] . These results also indicate that the flow in the loop is three
dimensional and not fully developed.

The flow rate in the primary loop was not measured directly. It was
estimated, using a heat balance on the core (eq. 4) and the measured tempera-
tures and power. In one of the tests, a video tape was used to record the
movement of dye in the short transparent sections of both cold legs. The
velocity of the water there was estimated by counting the frames for a given
distance traveled, and good agreement was obtained with the previous method.
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As can be seen from Table 1, the flow in the loop was mainly laminar.
The theoretical calculations of ATR and QR were based, then, on eq. (7b),
where the flow resistance parameter, r = 3600 (ms)"1 was estimated from pres-
sure drop measurements taken with forced flow in the loop, c.f. ref. [14].
This value agrees quite well with calculations based on textbook friction
correlations.

The comparison between the measured and calculated temperature differ-
ences is also shown in Fig. 3, includinq plant data (2500 MWt PWR with two
loops having once-through steam generators, at 0.1% of full power).

The differences between the measured and calculated values of the ATR and
QR is between 17% and 23%. The discrepancies are mainly due to the multi-
dimensional and developing flow effects, which were also observed visually
during the experiments.

The transient behavior of the loop is depicted in Fig. 4, which shows an
initial short-term transient followed by a longer term stabilization of the
temperature distribution. The former is characterized by a sharp decrease of
the cold leg temperature (T CB'

 in tne initially stagnant loop immediately
following the activation of the heat exchanger of this loop. The characteris-
tic transient time of this process should be of the order of one circulation
of the loop, which is, indeed, about 3 min. (see Fiq. 1 and Table 1),

Fig. 4 also includes the analytical results, eqs. (11,12), for the mean
system temperature. The overall heat transfer parameter for the heat
exchanger, H = 0.195 kw/oc> was calculated by the heal balance, eq. (9),
leading to the time constant x = 20.6 min.

The value of H also agrees with correlations for mixed natural and
forced convection. The time constant obtained from the experimental curve for
T R J U ) is approximately 16 min., which is, again, of the order of 25% devia-
tion from the theory. The comparison is plotted in Fiq. 4; the agreement with
the data is quite good, considering the simplified approach.

Oscillatory behavior of the loop was observed in run no. 5, with an
initial steady-state one-loop operation where the primary flow in loop B was
shut off by a valve. The transient which resulted from opening this valve,
with secondary coolant flow in loop A only, is illustrated in Fig. 5.

As it can be seen, an initial short-term transient (one minute) took
place, during which the hot leg temperature near the vessel THBI increased,
and the cold leg temperature dropped to nearly that of the staqnant secondary
fluid, indicating a flow from the core into the hot leg.

The short-term transient was followed by some fluctuations of the tem-
peratures which decayed after about 15 minutes, as if the system approached a
stable steady state. However, the temperature at the top of the heat
exchanger in the inactive loop was continuously decreasing due to heat
losses. At about 90 minutes, a critical condition was reached, as indicated
by the sharp oscillations. The temperature at the top of the B-loop heat
exchanger (THB2) and the cold leq temperature increased rapidly, while the hot
leg temperature in the active loop and the temperature TUPI in the upper
plenum near the B-loop inlet decreased. This is clearly an indication that a
flow reversal occurred in the B-loop, due to an instability caused by the
density difference in the vertical section of the hot leg.
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5. Conclusions

Natural circulation in a model loop relevant to a PWR has been shown to
be an effective means of heat removal. By comparing a one-dimensional
analysis with results of the experiments and available plant data, it has been
demonstrated that simple analytical modeling method is capable of describing
the steady-state and transient behavior.

Various parameters, such as the core flow resistance, input heat distri-
butions, and upper plenum geometry, have been shown to give rise to three-
dimensional effects, These contribute to the overall uncertainty of order
30%, between the analysis and the data. Finally, the experiments showed that
certain loop conditions, which give rise to inverted density profiles, can
cause instabilities of the flow.
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Table 1. Comparison of Average Steady State Experimental and Theoretical Values of
Flow Rates and Temperature Differences. ( I J I and Zi = one- and two-loop operations)

Power
kW

Average System
Temperature

Mode °C

Experimental
QR U C

°C 105m3/s m/s
Rec

Theoretical
QR

U 42 19.0 3.62 0.068 2790 23.4 2.94
2.88

2l 31 13.5 5.10 0.048 1590 16.6 4.16

1.44
1* 33 14.2 2.42 0.046

2A 25 9.7 3.55 0.033

1580 15.6 2.08

960 11.7 2.94

Hot teg

Dimensions in centimeters
| _ _ i | Scale
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o Thermocouple

junctions

8 r

TfeaJ

Figure 1. Schematic arrangement of the experimpntal natural
circulation loop.
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RETRAN SIMULATION OF THE UNCONTROLLED CONTROL ROD
WITHDRAWAL TRANSIENT

0. S. Wang

Washington Public Power Supply System
Richland, Washington 99352

ABSTRACT

A series of reactor transient analyses for the Washing-
ton Public Power Supply System's Nuclear Projects has been
performed using the RETRAN computer code as part of the
effort to develop in-house methodology for reload safety
evaluation. This paper presents an evaluation of a fast,
uncontrolled coi.trol rod withdrawal at power transient for
the Nuclear Projects 1 and 4 (PWR's supplied by Babcock &
Wilcox). The results predicted by the RETRAN model were
compared to the PSAR analyses, which were calculated with
several licensed vendor design codes; the agreement was
excellent. A number of systematic sensitivity studies were
conducted. The informative results lead to a better under-
standing of the NSSS responses to this transient event.

INTRODUCTION

As part of the effort to develop methodology for reload safety
evaluation, a series of reactor transient analyses for the Washington
Public Power Supply System's Nuclear Projects1 have been performed
using the RETRAN computer code2 for reactor system simulation. To
ensure the adequacy of the method and model, calculations have been
completed for comparisons with the nuclear steam supply system vendor's
computational results. In the future, analytical results predicted by
the RETRAN code will be benchmarked against actual reactor test and
operation data. This paper presents an evaluation of a fast uncon-
trolled control rod withdrawal at full power transient3 for the Supply
System's Nuclear Projects 1 and 4 (WNP-1/4). The agreement between the
RETRAN results and the PSARt analyses is very good. A discussion
based or the overall evaluation and a number of systematic sensitivity
studies is also given.
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GENERAL DESCRIPTION

WNP-1/4 are two-loop (two hot-leg/four cold-leg) PWR's designed by
the Babcock & Wilcox Company, and are expected to be in commercial oper-
ation in 1983 and 1985, respectively. Each of the twin power plants
will be initially operated at core power levels up to 3600 megawatts
thermal (MWe) with a corresponding net electrical power output of 1218
ttli. A RETRAN model representing WNP-1/4 was developed. The model
consists of 73 control volumes, 89 flow junctions and 21 heat conduc-
tors, as shown in Figure 1. The pressurizer (control volume 52) is
specifically mooeled and utilizes the nonequilibrium pressurizer model
option. In addition, the presaurizer heaters, spray line, pilot actu-
ated relief valves, code safety valves and the associated piping and
controls are accounted for in the model. RSTRAN double-surface heat
transfer capability has been utilized for modeling the once-through
steam generators. For the two identical steam generators, fill junc-
tions 121 and 221 represent feedwater inlets and negative fill junctions
109 and 209 simulate steam outlet. The following reactor protective
system (UPS) functions and controls are currently modeled: (1) over-
power (high neutron flux level) setpoint, (2) high and low reactor
coolant pressure setpoints, (3) high and low pressurizer water level
setpoints, (4) high coolant temperature setpoint, and (5) high power/
flow ratio setpoint. The model also includes appropriate delay times
for all RPS trips to correctly model the reactor scram and general prob-
lem controls. The containment is modeled by a single volume, and the
atmosphere i3 represented by a volume with constant boundary thermal
hydraulic conditions.

TRANSIENT ANALYSIS

The transient was initiated in steady-state at 102 percent hot full
power (HFP) condition. The input data to RETRAN for this analysis were
consistent with the PSAR1* calculations. The neutron power increases
as a result of fast rod withdrawal with equivalent reactivity addition
of 1.3 x 10"1* (AK/K)/sec. The normalized neutron power reached 112
percent, which is the overpower 3etpoint, at 6.39 seconds, and the reac-
tor scram started at 6.79 seconds after a 0.4 second trip delay. A fast
rod withdrawal at power accident presupposes an operator error or equip-
ment failure resulting in accidental withdrawal of a control group while
the reactor is operating at normal rated power. As a result, the power
level increases, and eventually the transient is terminated by an over-
power trip.
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The results predicted by the RETRAK code were compared to the re-
sults presented in the PSAR\ which were calculated with several li-
censed vendor design codes.5 A suamary comparison of the results
predicted by the RETRAN code and the PSAR analyses is presented in
Figure 2. The transient responses of the neutron power, the thermal
power, the average fuel and moderator temperature changes, and the reac-
tor system pressure are presented and compared as a function cf time.
The solid lines represent the PSAR results, and the circled data points
represent the HETRAN reference calculation. Comparison to the PSAR
indicates very good agreement for all of the representative system para-
meters. It should be emphasized that, for the purpose of comparison,
same PSAR data and inputs were used for the RETRAN calculations. How-
ever, inaccessibility to the detailed PSA3 analysis makes exact duplica-
tion very time consuming and tedious. It is fell- that all the essential
inputs and models were simulated correctly and accurately; additional
work on this transient is not warranted.

SENSITIVITY STUDIES

A series of systematic sensitivity studies on pressurizer model
options, power level, shutdown reactivity, etc., were conducted. The
study on the pressurizer model option showed the most interesting re-
sults. RETRAN provides the two pressurizer model options—the equilib-
rium model and the nonequilibrium model. For this fast transient ( 10
seconds), the system pressure change u3ing nonequilibrium pnsssurizer
wa3 as high as 51.43 psi, while using equilibrium pressurizer the change
was only 9.27 psi. The difference in 3y3tem pressure predicted by dif-
ferent pressurizer models will in turn feedback and affect tine reactiv-
ity and thermal-hydraulic calculations. The nonequilibrium model option
is recommended for pressurizer simulation, especially for fa.3t tran-
sients. In the author's opinion, it probably only makes slight defer-
ence in using either option for slow transients.

Results obtained from the sensitivity studies based on various
power levels and shutdown reactivities revealed only expected predic-
tions without significant findings. More sensitivity studie:3 for fuel
burnups and rate of rod withdrawals will be performed in the future.

SUMMARY

In summary, this analysis using RETRAN simulation showed very good
agreement with the vendor's calculation. As far as the computer codes
are concerned, it can be concluded that RETRAN and B&W analytical codes
are comparable. Also, based on the results of a sensitivity study on
pressurizer model options, it is concluded that the nonequilibrium model
option should be used for realistic pressurizer simulation, especially
for fast transients.
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APPLICATION OF STEALTH-HYD1O ID, 2D, AND 3D TO THE
CALCULATION OF HYDRAULIC TRANSIENTS IN REACTOR SYSTEMS

George E. Santee, Jr. Stewart A. Silling
Intermountain Technologies, Inc. Science Applications Inc.

Idaho Falls, Idaho San Leandro, California

ABSTRACT

A coupled three-dimensional hydrodynamics/structural
methodology is being developed for the Electric Power Research
Institute to quantify the transient pressure fields and struc-
tural loads within a PWR vessel during the subcooled portion of
a hypothetical close-to-the-vessel cold leg break. STEALTH, a
Lagrangian continuum mechanics code, is being adapted for the
hydrodynamics portion of the calculation. A stepwise approach
has been used to assess the capabilities of STEALTH and to gain
insight into the requirements for modeling sonic transients in
a full-size reactor. One step in the approach was the calcula-
tion of a relevant but small-scale experiment, Semiscale Test
711. Calculational results from the ID, 2D and 3C versions of
the STEALTH code are compared to the test results and the
differences evaluated.

INTRODUCTION

In the event of a hypothesized, large, rapid, close-to-the-vessel
break of a PWR inlet pipe, a series of sharp depressurization waves
would propagate into the reactor vessel and down the annulus between
the vessel and core support barrel. These sonic disturbances, lasting
for tens of milliseconds, might produce large asymmetric hydrodynamic
loads across the core barrel, core and reactor vessel. Because struc-
tural deformations may alter and even reduce these asymmetric hydro-
dynamic loads, the coupled behavior of the fluid and the structure
should be considered when determining the realistic effect of these
loads on the performance of reactor shut-down and safety systems.

Until the mid-seventies, methods for assessment of these hydro-
dynamic loads had been primarily one-dimensional codes configured in
a quasi-two-dimensional avrvy to track the decompression waves in
the downcomer. Further, these calculations had treated the fluid
separately, i.e., uncoupled, from the structure. Several recent
studies, [1, 2, 3] however, have shown the importance of performing
coupled calculations if realistic structural response is to be ob-
tained. The structural response can be considered as realistic
only if the local fluid force driving the structure is correct in
magnitude and frequency content and if the structure can respond in
three dimensions. If the fluid force is not correct, spurious modes
of vibration within the structure can be excited. Thus, to realistically
calculate the fluid driving force and the attendant structural re-
sponse, the multidimensional aspects of the transient must be consid-
ered. Hence, a three-dimensional coupled fluid/structure method-
ology is being developed for the Electric Power Research Institute.
The STEALTH code [4] has been chosen for the hydrodynamic calcula-
tions and the WHAMSE code [5] for the structural calculations. When
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coupled, these two codes are Intended to provide a full three-
dimensional, nonlinear, hydrodynamic/structural-dynamic methodology
for modeling a PWR fluid envelope and vessel internals.

STEALTH-HYDRO

This paper is primarily concerned with the assessment of the
STEALTH or hydrodynamic portion of the methodology. STEALTH, an
explicit general purpose continuum mechanics code, has been modified
to specifically treat hydrodynamio phenomena in piping and vessel
networks.

The adaptation of the more gentral STEALTH code to treat the
hydrodynamics of piping and vessel networks required the addition
severed special control volume models to accomodate abrupt area changes,
orifices and tees found in piping and vessel networks. These modifica-
tions and the elimination of unneeded features of STEALTH resulted in
several new versions of the code which are called STEALTH-HYDRO ID,
STEALTH-HYDRO 2D, and STEALTH-HYDRO 3D.

STEALTH-HYDRO, which solves the continuum mechanics equations in
a Lagrangian frame and is second-order accurate in space and time,
employs an arbitrary equation-of-state in which pressure is a function
of density and internal energy. However, a linear-elastic equation-
of-state was used for the calculations presented in this paper.

The control volume models in STEALTH-HYDRO are used to connect
various STEALTH-HYDRO grids to simulate an area change or a tee and
to apply an orifice-plate boundary condition to a STEALTH-HYDRO grid.
The control volume models calculate the pressure and velocity changes
that occur at an area change, orifice, or tee and determine the mass
and energy transports between the adjacent STEALTH-HYDRO grids.

A key aspect in the assessment of the STEALTH-HYDRO codes is the
comparison of calculational results to relevant experimental data.
The following discussion presents a comparison of calculated results
to the data from an experiment, Semiscale Test 711.

SEMISCALE TEST 711

Semiscale Test 711 was conducted at
the Idaho National Engineering Labora-
tory in 1967 [6]. The experiment con-
sisted of a rapid depressurization
(=lms) of a 0.15 EH vessel containing
a simulated reactor core support
barrel. The lower plenum of the
vessel was filled with water at approx-
imately 535 K and the remainder with
wate-- at 555 K. The initial system
pressure was 15.8 MPa. A schematic
diagram of the vessel used for Sf""t-
scale Test 711 is shown in Figure 1.
Dimensions are in meters. PI. P2,
P7 and P8 indicate pressure transduc-
er locat-fo.is. Total vessel height
is 1.63 m and total discharge nozzle
length is 1.18 m. Only the nozzle
length to the first rupture disc was , . , .

? , , . , ~ , T , J , -,„* „ „ J -i Figure 1. Schematic of the vessel used
i n c l u d e d xn t h e STEALTH-HYDRO m o d e l s . semiscale Test 711.

for
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STEALTH-HYDRO ID, 2D, AND 3D MODELS OF SEMISCALE TEST 711

In general, the STEALTH-HYDRO models consisted of blocks of grid
points called grids connected together by control volume models. In
each model the orifice control volume was used to connect a discharge
boundary condition to the STEALTH-HYDRO grid that represented the
discharge nozzle. The discharge boundary condition was defined by
specifying i:he orifice area and the back pressure as a function of
time. The orifice area was input as a linear function of time and
was fully open at 1 ms. In order to account for vena contracta at
the exit, the orifice area was reduced by a factor of 0.65. The
back pressure, which was input as a constant 6.2 MPa, was assumed
to be at the saturation pressure of the fluid after an isentropic
decompression from the initial conditions.

Tha STEALTH ID model, which is shown in Figure
2, consisted of eight sets of grids connected by
area change and tee control volume models. In order
to simulate the azimuthal length of the downcomer,
it was necessary to change the location of the simu-
lated transducers PI and P2 from the actual transduc-
er elevations in the downcomer. In order to simulate
the change in direction of the fluid as the fluid inoves
from the downcomer into the core region, the lower ple-
num length was increased by a factor of two. A simu-
lated transducer was located at the middle of the lower
plenum grid in order to properly simulate the location
of P7 at the bottom of the actual lower plenum.

The STEALTH 2D model, which is shown in Figure 3,
consisted of 6 sets of grids connected by area change
control volume models. The major feature of the 2D
model is the unwrapped downcomer. The term unwrapped
indicates that he downcomer has been transformed from
a cylindrical ; nnulus into a slab. In the 2D model,
the simulated transducers PI and P2 are located in
their actual positions, but the simulated transducer
P7 still must be located at the center of a lover
plenum grid that is twice as long as the actual
length of the lower plenum.

The STEALTH 3D model, which is shown in Figure
4, consisted of four sets of grids connected by
area change control volume models. The 3D model,
which is coarsely zoned, is a very early step
in the stepwise approach to the full 3D calcu-
lation in that the control volume used in the
lower plenum averages the effect of a disturbance
propagating around the lower plenum. However, the
averaging effect at the lower plenum is a valid
assumption in the case of Test 711 since the
length to diameter ratio is approximately 4.5/1.
For this aspect ratio, waves reaching the lower
plenum are, for all practical purposes, one-
dimensional. The 3D model eliminates the
problem of correctly simulating the location of
transducers, PI and P2, as well as removing

Upper
Plenum

P8 —

Figure 2. STEALTH Model
for 1-d Simulation.
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the uncertainty in modeling the lower plenum.
At this stage of develtpment, the 3D model
differs from the ID and 2D models in that
the system is at a constant temperature
throughout.

COMPARISON OF CALCULATIONAL RESULTS
TO EXPERIMENTAL DATA

Figures 5, 6, and 7 present the compari-
son of the STEALTH-HYDRO ID, 2D, and 3D cal-
culational results to the Test 711 data from
the four pressure transducers identified in
Figure 1. In Figure 5 the calculational
results from the ID STEALTH-HYDRO code are
compared to data. As a reminder, the eleva-
tions of the simulated transducers PI and P2
have been adjusted to account for the azimuthal
length of the downcomer. The comparison of ID
calculational results to the data at PI, P2,
P7, and ?8 shows that the ID code is correctly
predicting the trends oi the data and is generally fairing through the
fine structure of the data.

Figure 6 presents the comparison of 2D calculational results
to data. In this case, the fine structure is beginning to appear
in the calculated traces at PI and P2, while the average behavior
at P7 and P8 is improved over the ID calculation.

Figure 7 presents the comparison of 3D calculational results
to data. Considering that the 3D model is in a very early stage
of development and also that the control volume model has averaged
the disturbance propagating into the lower plenum, it is noteworthy
that the fine structure appearing in the 3D calculated traces is
more consistent with the experimental data than is the fine struc-
ture appearing in either the ID or 2D calculated traces. However,
in some instances, the trend amplitudes in the 3D calculation
do not agree with the data quite as well as the trend amplitudes
did in the 2D calculation. But it is expected that the results
from the 3D calculation will improve as the 3D methodology becomes
more detailed yielding a tool to provide the correct driving force
for a realistic, coupled fluid/structure calculational methodology.

CONCLUSIONS

In each of the comparisons presented in this paper, the calcu-
lational results have generally agreed with the experimental data.
In the case of the STEALTH-HYDRO ID calculation, the trends of the
calculation compare quite favorably with the datas implying that the
ID code is adequate for determining gross pressure histories and
pressure differentials. The two-dimensional calculation begins to
show more of the fine structure that is present in the data. Further-
more, the two-dimensional calculation more closely predicts the aver-
aged behavior at P7 and P8. However, for system dimensions and
aspect ratios of length to diameter typical of a large PWR, the ID
and 2D codes will be insufficient for realistically simulating the



- 1 7 2 -

17.6

1E.D

12.5

PRESSURE flT P I

ua:

S.o

o.o,

-11\
J 7

/ • \

% n
\
\/

6TEfiLTH
7 1 1 DflTf-

%V

ID

3 M 5 m l
TiME

U

17.6

15.0

12.S

Si 10.0

PRESSURE HT P2

7.E

5.0

2.5

z \

k

STEHLTH ID
711 DflTfl

\
K

V«;

3 H B B 7 8 9 10 11
TIME 1MSJ

17.S

15.0

12.5

PRESSURE flT P7

n
hi

,«! 7.5

S.O

2.6

\

\

\
\

STEflLTH ID
711 DflTfl

\

17 .5

15.0

12.5

:10.0

PRESSURE flT P8

tocca.

5.0

2.5

\

\

*•

STEHLTH ID
• 711 DflTfl

V

s

° - ° 0 1 2 3 1 6 6 1 8 3 10 U l g 13 1H 15 ° - ° 0 1 e 3 4 5 6 7 8 9 1 1 12 13 1 1
TIME IKSJ TIME IHSJ

FIGURE 5. STEALTH-HYDRO ID CALCULATION OF SEMISCALE TEST 711



PRESSURE tMPfi)

M

cn

a
a

to

a
n

a
cn
M

3
cn

m - J

ro
en

cn

PRESSURE IHPR)

tn
o

a

STEflL
71

DHTfl

cn
o

' • • •

.

— -

|

STEflLTH 2D
711 D

flTfi

m
cn
cn

m
33

D
CD

s
-o -
J S

PRESSURE (HPBJ

en b

V

r

- S

m
cn
cn

m
33

PRESSURE IHPBJ

f1 ro
en en

; • '

\

•V5)•Y

1

r

—
 711 D

3 ) *•

n
-4

-4

n

m
cn
cn

m

u>



o
cj

en
H

§

ro
en

PRESSURE

en

IHPfl)
c i

o
ro
en en

01

—I en

9
IH

S
J

• • • • • ^

/ •

/

if

{

i

i~

t
:
a

i
:
:

|
i

1U
31

S

CD

PRESSURE (MPflJ

en en en

o

MMISCALE
TEST

ro

u

en

Hm

«—to

a

»-*
ro

0
m
en
en
§m

en
a

r

\>

i

|

j
•ZT--

»—• -

^ E
n

5
r

0
m
en
en

m

en

—len

— to

a

CD 5?

i
— CD

ro
m

tn
a

PRESSURE

en

IHPRJ

5
a

ro
en

en
a en

""C...
s
>

<.
^>*

r
l

i
j

- j en
»—• m

or—

PRESSURE IHPRJ
ro
en en

ro
en

" ' j ^

en
b

rn
en
en

rn
33

-j

en

s
J 01

rn
en
en

rn
33

ro



-175-

sonic behavior in complex geometries and the fluid response to the
3D motion of an actual core barrel. Thus, the 3D code, which has
shown promise in this paper, would be more suited to calculating
the detailed fluid force necessary for properly driving the 3D
structure.
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Development and Analysis of Vent-Filtered Containment
Conceptual Designs
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ABSTRACT

Conceptual filtered-vented containment systems have been postulated for
a reference large, dry, pressurized water reactor containment, and the sys-
tems have been analyzed to determine design parameters, actuation/operation
requirements, and overall feasibility* The primary design challenge has been
found to emanate from pressure Bpikes caused by core debris bed interactions
with water and by hydrogen deflagrations• Circumvention of the pressure
spikes may require a more complicated actuation logic than has previously
been considered. Otherwise, major reductions in consequences for certain
severe accidents appear to be possible with relatively simple systems. A
probabilistic assessment of competing risks remains to be performed.

INTRODUCTION

The use of containment venting systems has been suggested by many as
a means for significantly mitigating the risks from core melt accidents.
Recently, the potential benefits of filtered-vented containment systems have
been cited by such diverse groups as the California Energy Commission, the
Advisory Committee on Reactor Safeguards, the TMI Lessons Learned Task Force,
the Rogovin Inquiry Group on Three Mile Island, and the Swedish Government
Committee on Nuclear Reactor Safety.

In April 1979, a program was Initiated at Sandia National Laboratories
under contract with the U. S. Nuclear Regulatory Commission to investigate
filtered-vented containment concepts for light water reactors. The program
has the following objectives:

1. Development of conceptual designs of vent-filter systems which have
the potential to mitigate the effects of accidents (particularly
core melt accidents) that are beyond the current design basis.

2. Determination of the potential reduction in radioactive releases for
core-melt accidents and the resultant reduction in overall risks.

3. Determination of the effect of the vent-filter on non-core-melt
accidents and on normal operations.

4. Specification of system performance and safety design requirements
for vent-filter systems.

5. Quantitative analysis of values versus impacts.
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The study considers several types of containment (i*e., large dry PWR, ice
condenser PWR, Mark I BWR, and Hark III BWR) and includes both existing and
new plants. A program schedule is presented in Figure 1*
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i
1. PRELIMINARY ASSESSMENT

LITERATURE REVIEW
CHARACTERIZE REACTORS, SELECT REFERENCE P U N T S
PREPARE PRELIMINARY DESIGN SPECIFICATIONS
MODEL VENT FILTER FOR MARCH CODE
DEFINE VENT FILTER OPERATING REQUIREMENTS
PREPARE CONCEPTUAL DESIGNS
ESTIMATE CONTAINMENT RESPONSE TO VENT FILTER
ASSESS SYSTEMS ASPECTS OF CONCEPTUAL DESIGNS
EVALUATE IMPACT OF SPECIAL PROILEMS
PREPARE PRELIMINARY VALUE IMPACT STATEMENT

2. FINAL ASSESSMENT
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PERFORM INTEGRATED RESPONSE CALCULATIONS
PREPARE FINAL VALUE IMPACT STATEMENT
PREPARE FINAL DESIGN SPECIFICATIONS
ASSESS SENSITIVITY. MAKE RECOMMENDATIONS

S. REPORTS (PROGRAM PLAN (INTERIM REPORT/ £
FINAL REPORT)

INDUSTRY
REVIEW

INDUSTRY
REVIEW

Figure 1. Program Schedule.

The risk reduction potential of vent-filter systems derives from their
dual function of venting containment to prevent overpressurization from the
generation of steam and noncondensibles and of filtering the effluent to
limit the release of radioactive materials. In theory, post-accident filtra-
tion systems can reduce the risk from nuclear reactor accidents significantly;
in practice, there are many engineering, technical, economic, and licensing
questions to be answered before judgments on feasibility and effectiveness
can be made. These questions include the capacity of the system to handle
large pressure surges, possibls interference with other engineered safety
features, possible exacerbation of low-consequence accidents into high-
cocsequence accidents, possible increase of hydrogen explosion potential,
impact of uncertainties in various phenomenological and cost evaluation
areas, and difficulties in reconciling vent-filter systems with the current
regulatory position requiring essentially leaktight containment. These and
other issues are discussed in the Sandia program plan for filtered-vented
containment studies.

The purpose of this paper is to provide a status report of the studies
performed since the program plan was completed in October 1979, and to indi-
cate the directions in which studies are progressing. Most of the analyses
performed to date correspond to a reference large, dry, pressurized water
reactor (Westinghouse design 4-loop plant) chosen because of its proximity
to a population center. The results provided below correspond to this
reference PWR.
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TECHNICAL ISSUES

Accidents that Challenge the System

In the Reactor Safety Study, and i n subsequent studies based on the RSS
methodology, a small number of accident sequences were found to dominate the
overal l r isk for each reactor* For the large, dry PWR analyzed in the RSS,
the dominating sequences were found to be TMLB1 ( i . e . , l o s s of a l l AC power
leading to fa i lure of secondary heat removal), S2C ( i . e . , a small LOCA with
l o s s of containment sprays leading to l o s s of containment heat removal), and V
( i . e . , f a i lure of the LPIS check valve leading to a LOCA outside containment).

In the present study, i t has been considered important for the i n i t i a l
stages to consider not only those accidents which are thought to dominate
the r isk but a lso those which might provide the greatest challenge to a vent-
f i l t e r system. For the reference PWR considered in the present study, the
accident scenarios l i s t e d in Table I were judged to provide a reasonably
complete bounding of accidents that both dominate the risk and challenge
the vent-filter system.

Table I. Accident Scenarios Considered for Reference FUR Designs.

Accident
Symbology

THLB1

AB-Burn

BOB"

A-Vent

Accident Sequence

Lota of o f f s i te and onslte AC power for 16 hours,
resulting in loss of secondary heat removal,
followed by the return of AC power and restart of
the containment coolers*

Large i."' •» plus loss of off s i t e and onsite AC
power for 16 hours, followed by the return of AC
power and restart of the containment coolers.
The hydrogen ignites when the Molten core drops
into the cavity.

Small LOCA plus loss of ECCS injection capability,
resulting in the loss of ECCS recirculation and
containment spray recirculation capability. The
hydrogen ignites when the molten core drops Into
the cavity.

Small LOCA plus loss of heat sink for containment
coolers and containment sprays. This accident
results In containment overprtssurlxation 6«fore
meltdown.

Save as TMLB', except AC power returns after
about 6 hours, leading to restart of contaiaent
coolers, containment sprays, and ECCS Injection.

Large LOCA causing premature actuation of con-
tainment venting. All engineered safety features
are assumed to operate on demand.

Limiting
Characteristics

Maximum pressure
following reactor
vessel failure
(about 120 ps ia ) .

Shortest time for
generation of a
pressure exceeding
containment design
pressure (about
50 minutes).

Maximum potential
pressure spike f o l -
lowing reactor vessel
failure (amount not
yet established).

Maximum stesm
production (about
4 x 106 lbm).

Most potential for
system Interactions
during core-melt
accident.

Potential for
exacerbation of
non-core-melt
accident*
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Pressure Spikes

A noteworthy feature of many of the accident scenarios that result in
core meltdown is the occurrence of a sizable containment pressure spike at
or near the time of reactor vessel failure (see, for example, Figure 2).
The causes of the spike vary from case to case, but combinations of the
folloving phenomena are generally responsible:

1. Steam release from the primary system to the containment when the
reactor vessel fails et high pressure. (Accidents Initiated by
transients and small LOCA's, about 13 psi for reference PWR.)

2. Rapid steam formation caused by molten core interaction with water
existing in the cavity at the time of reactor vessel failure.
(Magnitude dependent on accident and amount of communication between
sump and cavity.)

3. Rapid steam formation caused by flashing of some of the residual
water in the primary loops when the reactor vessel fails, and by
dumping of the remainder of this residual water onto the molten
core in the cavity. (Accidents initiated by transients and small
LOCA's, about 16 psi for reference PWR. )

4. Rapid steam formation caused by discharge of accumulator water at
the time of reactor vessel failure and interaction of this water
with the molten core in the cavity. (Accidents initiated by
transients and small LOCA's, about 34 psi for reference PWR.)

5. Deflagration of the hydrogen produced by Zircaloy-steam reaction,
triggered by the interaction of the molten core with the concrete
in the cavity. (Accidents resulting in s flammable mixture,
about 60 psi for reference PWR.)

140.0

0.0 100.0 100.0 3B0.0 400.0 MO.O *00.0 MP.O « 0 . 0 MO.O MOB.O 1100.0

Figure 2. MARCH Code Calculation of Containment Pressure Versur Time for the
TMLB' Accident in the Inference PWR.
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The pressure spike in Figure 2 was the cumulative result of Items 1, 3, and 4,
above*

The interactions of the core materials with water in the reactor cavity
pose a particular concern* The rate of the Interaction depends upon a number
of difficult phenomenological questions, such as the size of the vessel rup-
ture, the rate of dropping of the molten core into the reactor cavity, the
degree of core fragmentation in the cavity and the resulting debris geometry,
the possibility of steam explosions, and the question of whether the debris
dries out and remelts or remains coolable. Since the data are inconclusive
in all of these areas, it was considered best at present to make the apparent-
ly conservative assumptions that the vessel rupture area is very large, that
the dropping of the core is Immediate, that complete fragmentation occurs
without dispersal out of the cavity, and that the debris does not dry out
prior to the boiloff of the water. With thess assumptions, the duration of
the pressure rise caused by core-water interactions is about 15 seconds, the
time required for the accumulators to discharge in the absence of a back
pressure.

System Interactions

There are several plausible scenarios in which adverse system interac-
tions could be caused by the venting of containment. During accidents such
as S2G (Table I), a rapid venting of containment can cause the recirculation
pumps to cavitate as a result of sump flashing, leading to core uncovering
and meltdown. During TMLB", the restoration of sprays and coolers after
venting can create a severe vacuum which could cause containment failure in
compression. During A-Vent, the premature venting of containment might
degrade the reflood operation by removing the back pressure. Avoidance of
these adverse interactions requires either design solutions, such as the
incorporation of vacuum breakers, or preventive administrative procedures,
such as a temporary realignment of the recirculation pumps to an outside
source or a revision of set points for coolers and sprays. Evaluation of
these interactions and their possible solutions is not yet complete.

DESIGN POSSIBILITIES

Containment Vent Strategies for New Reactors

The primary challenge to a vent-filter system is its ability to mitigate
the pressure spikes in containment. To accomplish this goal, it is much
easier to formulate design concepts for new reactors (i.e., reactors that
have not yet been built) than for reactors that already exist.

Three design possibilities for new reactors are shown in Figure 3. In
one concept (Figure 3a), a large vapor suppression pool is placed within the
containment to suppress a portion of the pressure spike as well as to remove
the steam, cool the noncondensibles, and trap most of the particles and Iodine.
This design is similar to one suggested by the Swedish for their boiling
water reactors, except that the suppression pool Is enlarged in order to
accommodate steam generation during core melt accidents. Another design
possibility being investigated is the use of a vented guard structure around
the reactor vessel with core retention materials (Figure 3b). This concept
diffuses and mitigates the containment pressure spike at the time of reactor
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(«) Suppression Pool in Containment
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(b) Reactor Vessel Guard Structure

(c) Vacuum Vent Building
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Figure 3. Sche»«tici of Vent-Filter Design Concepts for Hew Reactors.
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vessel failure by slowing the rate of primary system depressurization and
accumulator discharge and by venting the primary system hydrogen before it
mixes with the containment atmosphere* In another concept similar to that
used in some Canadian reactors for design basis accidents (Figure 3c), a
large vent (on the order of 20 feet in diameter) may be used to connect the
reactor containment to an evacuated vent building*

Containment Vent Strategies for Existing Reactors

The possibilities for retrofitting existing containments are limited by
the fact that there is generally not room within containment for a large
suppression pool or in the reactor cavity for a guard structure* Also, the
creation of a large penetration In the containment boundary is prohibited
for structural reasons* If it develops, therefore, that a rapid pressure
spike does represent a serious threat to containment integrity (i.e., that
it cannot be ruled out on phenomenological grounds), then one might consider
several alternative strategies. One strategy might be to anticipate the
reactor vessel failure and to initiate filtered atmospheric venting In advance.
This strategy would reduce the containment pressure to a point where a sizable
pressure 6pike could be accommodated without threatening the containment. A
variation of this strategy for accidents initiated by transients or small
LOCAs might include venting the primary system into the containment (or into
the containment vent line) through existing primary system vent paths* Such
an action allows the accumulators to discharge before the core melts down,
which increases the chances for recovery and, if the reactor vessel still
fails, reduces the magnitude of the steam spike* A different variation
might include flooding the containment while the accident is progressing by
gravity-induced flow from a large, elevated water tank. A million gallons
of water in the bottom of the containment would offer a very large, passive
heat sink that could function as an internal suppression pool. Still another
vent strategy might be to use the existing equipment hatch to provide a
large enough opening to vent a portion of the steam spike to a large external
suppression pool or vacuum building. This strategy may be more costly to
implement but is less likely to depend upon operator judgment.

All of these strategies have implied risks, such as possible system
Interactions or human errors, that require a careful examination. When all
the risks are evaluated, a simple vent strategy such as containment pressure
relief at a setpoint above the design pressure, though perhaps less effective
for the most severe accidents, may be more attractive overall.

The results of MARCH code calculations of containment pressure and tem-
perature response are shown for certain vent strategies in Figures 4 and 5*
Figure 4 shows containment pressure histories for the TMLB' accident in
the reference PWR for the following cases: (a) venting through filters to
the atmosphere based on anticipation of reactor vessel failure, (b) venting
through filters as in Case (a), but also with anticipatory primary system
venting to the containment vent line via the pressurizer relief valve, and
(c) venting from containment to a second building. Figure 5 shows the
temperature of the containment atmosphere as a function of time for the
various cases considered in Figure 2 (without venting) and Figure 4 (with
venting). It may be observed that the utilization of containment venting
lowers both the maximum containment pressure and the containment temperature.
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(a) Filtered Atmospheric Venting
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Code Calculations of Containment Pressure Versus Time
for Various Venting Options During the TMLB1 Accident in the
Reference PWR.
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Figure 5. MARCH Code Calculations of Containment Atmospheric Temperature
Versus Time for Varioub Venting Options During the TMLB1

Accident in the Reference PWR.

Cooler/Condenser and Filter Components

Various options are being considered for the external portion of the
vent-filter system, with different degrees of complexity and different costs,
corresponding to various levels of fission product entrapment. One of the
options is shown schematically in Figure 6. The system is designed to operate
successfully without AC power during a loss-of-power accident for a period of
well over 16 hours, the time at which power is assumed to be restored. Thereafter
the operation of the system changes from a vent to a recirculation mode so as to
eliminate further releases to the atmosphere* In the recirculation mode, the
designs incorporate a heat exchanger to remove heat from the water and blowers
to drive the circulating flow and to cool the charcoal filters.

The primary condensing/cooling component preceding the filter trains in the
option shown is s vapor suppression water pool. The submerged portion of the
pool (about 150,000 ft ) provides enough heat sink to passively condense all
the steam that is generated during the accidents TMLB', AB-Burn, and S2D-Burn.
The air space (also about 150,000 ft ) allows for the additional amount of
water produced by vapor suppression during accidents such as TMLB" and S2G.

If the filters in the vent-filter system were designed to accommodate
the flow rttes required for anticipatory containment venting, the gravel-sand
filter would have frontal dimensions of about 120 ft x 100 ft and a height
of ttbout 20 ft, including spark ignition sources for burning hydrogen* The
adsorber system would have a frontal diameter of about 36 ft and a depth of
about 6.5 ft, including a 4-inch zeolite guard bed to retain inorganic iodine,
a 2-inch impregnated charcoal bed to capture organic iodine, a 5.5-ft (100
ton) plain charcoal bed to retain the xenon, and 2 inches of roughing or
HEPA filters to prevent charcoal particles from escaping up the stack. The .
entire assembly, in a waterproof container, could be ianersed in a 20,000 ft
water tank to remove heat via natural convection until power is restored.
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(a) Without AC Power

JUCM.1NE MATH

SMVEl-SWO-
CMVEL-STARIC
JOI1TOHS- OAVEL

ZEOLITE - MMEG CHARCOAL-
H.AIH CHMCOAJ. - ROUGHING
OR HEM FILTERS

(b) With AC Power

HAT

Figure 6. Filtered Atmospheric Venting Option. Estimated Collection
Efficiencies: 99.982 Particles, 99.98% Inorganic Iodine,
99.95Z Organic Iodine, 98Z Xenon, 10Z Krypton.

Simpler variations of the system in Figure 6 can be obtained by removing
various components. Consequence evaluations foe four variantB of Figure 6
illustrate that for the 2MLB' accident in the reference PWR, a large reduction
in latent cancer fatalities and property interdiction and an elimination of
early fatalities can be accomplished just by venting the containment through
an alkaline suppression pool (See Figure 7). The consequence calculations
were based on the Reactor Safety Study models applied to the reference PWR
using site-specific weather and population data and a 5-mile evacuation radius
(Instead of a 25 mile evacuation radius). It was assumed that the vent-filter
sysCems operate as designed and that the effluent from the filters is released
(at ambient temperature) at an elevation of 180 ft. It should be emphasized
that these calculations correspond to one accident only, and do not reflect
the effect of vent-filter systems on overall reactor risks.
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Figure 7. Probability of Early Fatalities, Latent Cancer Fatalities, and
"Land Interdiction for Various Filtered Venting Options, Given
Occurrence of the Accident TMLB1.

CONCLUSIONS

The primary challenge to a filtered-vented containment system is the
pressure spike that could occur in containment if the molten core penetrates
the reactor vessel and drops into the cavity* The main contributors to the
spike in a large, dry PWR are rapid vaporization of water in the cavity and
the possibility of hydrogen deflagration caused by core-concrete interaction*
Large phenomenological uncertainties are associated with these processes, and
exploratory research is needed to better define the rate and magnitude of
the pressure transient*

It presently appears that for certain severe accidents In large, dry PWRs,
retrofitted vent-filter systems can be successfully utilized to circumvent
containment overpressurization. For these accidents, major reductions in
consequences appear to be possible with relatively simple systems. Because
of space limitations and containment structural considerations, however, the
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actuatlon and operation of a retrofit itystem 16 likely to require a greater
degree of automatic control and/or operator participation than has previously
been assumed. Before the overall risk reduction potential of vent-filter
systems can be established definitively, a more detailed evaluation of a
variety of accidents including considerations of actuation reliabilities,
potential adverse system interactions, and possible failure modes including
operator error is required. These analyses, which are now in progress, will
provide the required inputs for a comprehensive assessment of competing risks.
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REDUCTION IK REACTOR RISK BY THE MITIGATION OF
ACCIDENT CONSEQUENCES

R. S. Denning
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ABSTRACT

Approaches are examined to reducing the public risk from
nuclear power reactors by the use of safety systems which
would control the consequences of core meltdown accidents.
The mechanisms which could lead to failure of the contain-
ment are identified. Engineered safety features are then
described which would reduce the likelihood of containment
failure or reduce the subsequent release of radioactivity
to the environment. The potential for reducing risk is
assessed and for some safety features is found to be signi-
ficant. However, in order to realize a major reduction in
risk, a systematic analysis of system interactions must be
performed.

CORE MELTDOWN ACCIDENTS AND REACTOR RISK

In the performance of the Reactor Safety Study (WASH-1400) major in-
sights into the nature of reactor risk were developed. One of the significant
conclusions of the Study is that the risk to the public from nuclear power re-
actors primarily arises from core meltdown accidents (Class 9 Accidents). In
a program undertaken by BNL, SAI, and BCL, the contribution of Class 3 to 8
accidents to risk was examined.' J Class 3 to 8 accidents, accidents which
do not exceed the design bases of the plant, are the type analyzed in Safety
Analysis Reports and Environmental Reports. As illustrated in Table I,
the results of this study indicate that, despite the low probability of core
meltdown accidents, over an extended time period, Class 9 accidents would be
expected to have a much greater impact on human health and the environment
than either Class 3 to 8 accidents or normal releases.

The units of curies of "equivalent 1-131"t^J u s ed in this table and in
other places in this paper involve a summation of all the important
radionuclides weighted by a factor to account for the relative effect
of that radionuclide to 1-131 in producing latent fatalities (includ-
ing fatalities from malignant thyroid tumors). Although these weight-
ing factors would actually be dependent on the conditions of a specific
accident, they provide a convenient approximate means of measuring
accident consequences.
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The reason for the importance of meltdown accidents is apparent from
examination of Table II. This table shows the inventory of radionuclides
in the core at one hour after shutdown, the WASH-1400 release fraction from
the fuel for each radionuclide group during core meltdown, and the quantity
of radioactivity released to the containment atmosphere. Using the same
weighting factors for the different radionuclides as in Table I, the total
radioactivity potentially available for release from the containment atmo-
sphere at one hour in a core meltdown accident is 10 Ci. The tmjor frac-
tion of the risk calculated in WASH-1400 originated from meltdown accidents
in which the containment failed during or shortly after core meltdown, be-
fore significant deposition could take place. In contrast, the amount of
radioacitivity that would be released to the environment from Class 3 to
8 accidents would be very small, typically less than 1 Ci of "equivalent
1-131". Although these accidents would be expected to occur with frequen-
cy four orders of magnitude greater than core meltdown accidents, the dif-
ference in consequences would be approximately eight orders of magnitude.
Thus the risk, measured by the product of probability and consequence, for
Class 9 accidents is much greater.

APPROACHES TO THE REDUCTION OF REACTOR RISK

Since core meltdown accidents dominate the risk to the public, in or-
der to be effective in reducing risk, a safety improvement must relate
directly to a reduction in either the probability or consequences of core
meltdown accidents.

Three approaches can be taken: (1) Reduce the frequency of accident
initiators which could lead to core meltdown; (2) Improve the reliability
of systems that control transients or minor accidents to assure they will
not degenerate into core melt accidents; (3) Improve or develop systems
to mitigate the consequences of core meltdown accidents. In the past, most
of the effort in reactor safety has involved the first two approaches. Two
current examples of programs of this type are the Integrated Reliability
Evaluation Program, being undertaken by the NRC to identify systems weak-
nesses in existing plants, and the Institute for Nuclear Power Operation,
which has been established by the industry to improve the operation of the
plants. The results of WASH-1400 and the lessons learned from the TMI ac-
cident indicate that these two programs are important and should result in
the identification and reduction of risk outliers. If there are plants in
operation, which because of weaknesses in systems or operations have abnor-
mally high risk, these programs should help to bring them in line with
other plants. The extent to which these types of programs can reduce the
probability of core meltdown accidents below the levels estimated in WASH-
1400, e.g. 5 x 10 yr , is probably limited, however. Once the dominant
accident sequence contributors are eliminated, a large number of accident
sequences of varying nature would probably have to be attacked in order to
obtain a significant further reduction in core melt probability. Further
reduction in risk would be possible, however, by reducing the consequences
of core meltdown accidents. This approach to risk reduction is the subject
of this paper.

EFFECT OF PLANT DESIGN FEATURES ON ACCIDENT CONSEQUENCES

The magnitude of release of radioactivity to the environment in a core
meltdown accident can vary over a wide range depending on the effectiveness
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of accident mitigating features. Fig. 1 shows the quantity of radioactivity
released to the environment for the different containment failure modes and
the associated risk as estimated for the WASH-1400 PWR. The estimated re-
lease of radioactivity in accidents involving early failure of the contain-
ment by overpressurization is ^50,000 times as great as for accidents in which
direct atmospheric failure of the containment is averted. Even if the con-
tainment can be kept intact for a few hours following core meltdown, the po-
tential release to the .environment can be reduced substantially. Delay in
the failure of containment further reduces the risk of early fatalities be-
cause of the increased time available for evacuation. The timing and mode of
containment failure, therefore, have a major impact on accident consequences.

In WASH-1400, a number of important potential modes of containment fail-
ure were evaluated which at that time were felt to be the most significant for
the two plant designs evaluated.. However, the importance of different failure
modes is quite plant design specific. For example, small volume, pressure
suppression containments respond quite differently to loads imposed by core
meltdown events than do large, dry PWE containments. Whereas the containment
was predicted to avoid above-ground failure and a direct release pathway to
the atmosphere for most accident sequences in the WASH-1400 PWR, pressure sup-
pression containments would be expected to fail by overpressurization due to
buildup of non-condensible gases for all meltdown sequences. A more compre-
hensive list of potential containment failure modes is presented in Table III.
Some of these modes have received very little attention in the past and it is
difficult at this time to evaluate their true significance to risk.

POTENTIAL VALUES OF CONSEQUENCE MITIGATING SYSTEMS

In a core meltdown accident, the first three barriers to the release of
fission products: the fuel matrix, the cladding, and the primary system bound-
ary, would be expected to be breached within a few hours. Although some con-
sideration has been given to in-vessel retention of molten fuel in a LWR, our
analyses indicate this would be difficult to accomplish. Thus, the emphasis
in consequence mitigation is on maintaining the integrity of the final barrier,
the containment, or on radioactivity removal systems. All current LWR designs
in the U.S. have some type of radioactivity removal system which, if given an
opportunity, would be expected to function effectively. The potential bene-
fits and limitations of six concepts that could enhance containment integrity
will be reviewed.

(1) Containment capacity—The product of design pressure and containment
volume is a measure of the capacity of the containment to contain released
gases. If the integrity of containment can be maintained long enough, radio-
activity removal systems or natural deposition can reduce the release of rad-
ioactivity to the environment significantly. Small volume and low pressure
containments are much more susceptible to overpressure failure in core melt
accidents.

(2) Containment isolation—A comparatively small hole in containment can
potentially defeat the containment function. Containment isolation failure
was not found to be a significant contributor to risk in WASH-1400. However,
the availability of the isolation system of the Surry Plant may have been bet-
ter than typical. Elimination or reduction in the likelihood of accidents re-
sulting in direct bypass of the containment (e.g., the v sequences in WASH-
1400) is essential to effect a reduction in risk. The response at Three Mile
Island has shown that there are. a number of indirect ways to bypass
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containraent in a severe accident and that greater consideration must be given
to the performance of all systems that penetrate the containment boundary.

(3) Vent/filter system—The consequences of some important accident se-
quences that would otherwise lead to early failure of the containment by over-
pressurization can be reduced significantly by filtered venting. (3) The same
approach to filtered venting may not be effective for all accident sequences,
however, or for all plant designs. Concepts which vent to the atmosphere ra-
ther than back into the containment or into another containment vessel would
result in a significant release of noble gases to the environment. Although
this would be preferable to an uncontrolled release of more hazardous radio-
nuclides, it is clearly undesirable.

(4) Hydrogen control—Current hydrogen control systems are not designed
to cope with the quantity of hydrogen generated by extensive metal-water re-
action. The rapid combustion of the hydrogen generated in a meltdown accident
is adequate to fail the containment for all current designs if it can accumu-
late without prior burning or undergoing a number of small explosions. Con-
trol of the hydrogen generated in a meltdown accident is a difficult technical
problem because of the high rate of hydrogen production. Inerting of the con-
tainment is one approach which would be effective in preventing explosions but
which has other drawbacks. For small containment designs, hydrogen production
represents a threat to containment overpressurization as a non-condensible gas,
as well as a potential source of explosions.

(5) Blast/missile hardening—The purpose of these systems would be to
protect the containment boundary and essential equipment from the blast or
missiles generated by vapor explosions, reactor vessel rupture, or blowdown
loads (including pipe whip). Although none of these pheromena are expected
to be likely sources of containment failure, the uncertainties involved are
large and difficult to quantify.

(6) Core retention devices—Core catchers have primarily been considered
from the viewpoint of preventing or delaying basemat penetration by the core
and the contamination of liquid pathways. This aspect of containment failure
relates directly to the cost of cleanup and loss of important resources as
well as to impact on human health. In general, however, atmospheric release
pathways appear to be of greater concern than liquid pathways. Other func-
tions of a core catcher could be to: prevent loss of structural integrity
internal to the containment building resulting from horizontal concrete ero-
sion; reduce the heatload to the containment atmosphere; reduce the generation
rate of combustible or noncondensible gases; reduce the release rate of radio-
activity or aerosols during the latter phase of the accident.

The potential value of these systems in reducing risk depends upon the
particular plant design involved. A plant could be designed for essentially
zero release in a core meltdown accident. However, zero risk cannot be a-
chieved; some residual risk would still exist that these safety systems would
fail in the accident. For the WASH-1400 PWR, if all of the accident sequences
were shifted to category 7, the risk would be reduced by a factor of 6000.
This too is probably unachievable. It should, however, be possible to reduce
the risk from high consequence failure modes by at least one to two orders of
magnitude by including systems to mitigate the consequences of Class 9 acci-
dents in the design of the plant.

CONCLUSIONS

Concern has existed in the past about including the consideration of
Class 9 accidents in the design of nuclear power plants for two reasons:
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(i) The limits of topics to be considered in the licensing
process could become less definite resulting in the
already long and costly process becoming virtually
open-ended,

(ii) Extensive, unwarranted backfitting of existing plants
could result.

The history of reactor regulation in the United States certainly justifies
these concerns. Thus, a dilemma exists. Significant reduction in risk could
be achieved by giving at least some consideration to Class 9 accidents in the
design of nuclear power plants. However, the resulting turmoil introduced
into the licensing process, the associated delays, and possible impact on
plant operations could have a significant detrimental effect on the net public
welfare. The resolution of the dilemma requires that responsible actions be
taken by the regulatory agency. Before additional requirements are established
for new plants and particularly before changes are required for existing plants,
a systematic analysis must be undertaken which considers all of the potential
interactions between the proposed system and the other systems in the plant.
Once the potential benefit in reducing risk has been evaluated, a cost/benefit
analysis should be performed which realistically assesses the benefits and
accounts for all the costs to the public. Although preliminary analyses in-
dicate a "potential" for risk reduction with the consequence mitigating sys-
tems discussed in this paper, in practice, achieving this potential may be
more difficult or expensive than anticipated.
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f 21
TABLE I. COMPARISON OF EXPECTED RELEASES FOR PWR'S 1

Equivalent 1-131 (Ci/Reactor Year)

Normal PWR Operational Release 1.7

Class 3-8 Accidents
Actuarial Data 0.05
Extrapolated 0.05 -0.2

TOT.'iL 0.1 - 0.3

Class 9 Accidents 540

TABLE II. RADIOACTIVITY RELEASED TO CONTAINMENT ATMOSPHERE AT 1 HOUR

Group Description Core Inventory R e l e a g e F r a c t i o n Amount Released
Vli (Ci)

1

2

3

4

5

6

7

Noble Gases

Halogens

Alkali Metals

Te -Sb

Ba - Sr

Ru

Za

3.7

6.2

1.5

3.9

5.6

5.8

2.1

X

X

X

X

X

X

X

108

108

I08

io8

io8

108

108

1

1

1

1

0

0

0

.0

.0

.0

.0

.11

.08

.013

3.7

6.2

1.5

3.9

6.2

4.6

2.7

X

X

X

X

X

X

X

108

108

108

108

107

107

io6



-195-

TABLE III. POTENTIAL CONTAINMENT FAILURE MODES AND MECHANISMS

Direct bypass

Failure to isolate

Vapor explosions
Blast
Missile generation
Quasistatic pressure rise
Tearout of penetrations
Damage of essential equipment

Overpressurization
Steam
Noncondensibles

Combustion processes (hydrogen, carbon monoxide, methane)
Blast
Missile generation
Quasistatic pressure rise
Damage to essential equipment

Core-concrete interaction
Basemat penetration
Structural failure and tearout of penetrations

Blowdown forces
Pipewhip
Vessel thrust forces
Pressure vessel burst
Missile generation
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Abstract

Computations with the WECHSL code proved that the shape of the cavity formed

by the interaction of a molten pool with a concrete structure is governed

largely by the separation of the melt into a metal and an oxide layer. The

composition of the concrete has no distinct influence on the cavity formation

and on concrete erosion in general. However, because of the different weight

percentages of gaseous concrete decomposition products, the pressurization

of the containment strongly depends on the type of concrete.

Introduction

In the course of an unlikely, but postulated core meltdown accident sequence,

the combination of molten fuel, cladding, and structural material will collect

in the lower plenum of the reactor pressure vessel. The molten material could

melt through the pressure vessel within 20-160 minutes after initiation of the

accident, depending on the type and course of the accident.

Following reactor pressure vessel meltthrough, the molten core would drop onto

the concrete base of the reactor. Interaction with the concrete would release

large quantities of gases pressurizing the containment atmosphere and possibly

even causing containment failuie. In determining the consequences to the

public, the possible time of containment failure and the content in the contain-

ment atmosphere of gaseous fission products and airborne radioactive aerosols

are factors of primary interest. Furthermore, the molten material could also

erode its way through the concrete base and might eventually come into contact

with the groundwater.

In existing risk studies /I,2/, conservative assumptions lead to pessimistic

results. Better understanding of the physical background of a core meltdown

accident would provide a more realistic basis for an advanced risk study.

Furthermore, good understanding of the accident sequence could lead to
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'design messures reducing the risk. In this paper, best-estimate calculations

will be carried out of the time dependent penetration of the melt into the

concrete and the resultant release of gases pressurizing the containment.

Special emphasis will be given the type of concrete and its impact on the

accident. In paper /3/, the problems arising in connection with airborne

aerosols will be discussed in detail.

Assumptions underlying the WECHSL calculations

Because of the materials involved, an experimental study of core/concrete

interaction cannot be carried out under conditions closely approximating a

postulated core meltdown accident. However, extensive experiments with

simulation materials are planned, or have been conducted, at Saudia Laboratories

(COIL experiments) and at the Kernforschungszentrum Karlsruhe (BETA test

facility). Because of the disparate masses, materials and interaction times

involved, it is not possible to extrapolate the results of the simulation

experiments straight to a hypothetical meltdown accident. For scaling up,

it is necessary to develop computer codes on the basis of the simulation

experiments and other small scale experiments performed on model substances.

Among the codes developed are INTER and CORCON in the United States and

BEIZ, KAVERN, and WECHSL in the Federal Republic of Germany.

The basis for the computations discussed below is the WECHSL code. Its properties

ara described in detail in /4/. A significant characteristic considered in the

UECHSL code is the separation of the melt into metal and oxide layers. The bulk

of each of these layers is isothermal, due to the strong agitation by the gas

bubbles. The heat is transferred from the melt to the concrete by a gas film

model or by a discrete bubble model /5/ if, due to hydrodynamic reasons, a stable

gas film no longer exists. Different void fractions in each layer as well as

heat exchange between the molten layers and radiation from the top of the melt

are modeled. Temperature and composition dependent material properties and the

latent heat of solidification are taken into account. The results of the

experimental BETA program mentioned above will be used for further advancement

of the computer codes. So, the results given in this paper for a core meltdown

accident a: 2 preliminary in character and could be modified in the course of the

program.
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The core meltdown of a 3000 MWj.^ reactor with the dimensions of a standard

German PWR is postulated. After failure of the pressure vessel the molten pool

consisting of 70,400 kg of molten metal (stainless steel from structural

material and from the lower plenum of the reactor pressure vessel) and of

160,400 kg of molten oxide (fuel and zirconium oxide) contacts the concrete

in a cylindrical cavity of 6.4 m diameter. The initial temperature of the

molten pool is assumed to be 2500 °C. Three types of concrete are regarded, the

approximate compositions of which are given in Table 1. Type 1 is a silicaceous

type of concrete with a simplified composition averaged from various German

nuclear power plants. The weight percentage of the gaseous decomposition

products (steam and carbon dioxide) totals 11.7 % for this kind of concrete.

Type 2 is an idealized silicaceous type of concrete without any calcareous

components and with a minimum of steam release (4.4 % ) . Type 3 is a simplified

limestone kind of concrete with a weight percentage of 27.7 % for the gaseous

decomposition products. The decomposition enthalpies were calculated as described

in /6/. From these calculations and experimental investigations the calcareous

concrete was assumed to have a higher decomposition enthalpy and a lower melting

temperature than silicaceous concrete.

Discussion of computed results

Figures 1 - 3 show some typical results obtained for silicaceous concrete (type 2).

In Figure 1, the pool level before pressure vessel meltthrough, the initial height

of the pool in the concrete cavity as well as the sump water level are indicated.

Moreover, the cavity formation up to 25 000 s ( *7h) is shown in time steps of

1000 s.

Regarding the heat transfer from a molten pool to the concrete, the heat flux

rises as the inclination of the concrete surface increases from horizontal to

vertical. This behavior is true both for the film model and for _he discrete

bubble model. Consequently, the sidewalls would erode more than the bottom

when interacting with a single-phase melt. However, the properties of the melt

strongly influence both heat transfer models. Comparing the erosion behavior

of a metal and an oxide melt at the same temperature levels, the oxide melt

with low thermal conductivity and high viscosity results in a slower melt front

propagation.

As a molten core penetrates into the concrete basement of a reactor, the steel

layer flattens down rapidly. Therefore, bottom erosion is mainly governed by

the steel layer, whereas erosion of the sidewalls is determined by the oxide
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layer. As can be seen in Figure 1, erosion of the sidewalls is largely suppressed

by the behavior of the oxide melt.

From the temperature profiles given in Figure 2 it appears that the high

temperature of the melt decreases very rapidly in the first period of inter-

action. In this initial phase, concrete erosion is governed by the removal of

the heat stored in the molten pool. Later, the ratio between the internal heat

sources and the heat removed to the concrete and into the containment is more

balanced so that the heat stored in the pool and, consequently, the temperature

decrease more slowly. Soon the pool temperature of each layer drops below the

correspondent liquidus temperature, and the heat of solidification slows down the

further temperature decrease.

In Figure 3, one side of the integrated energy balance is shown. The total

enthalpy of the melt rises slowly, due to the increase in mass caused by the

liquid concrete decomposition products. The heat removed from the pool to Che

containment by hot gases leaving the melt and by radiation from the top of the

melt has the same order of magnitude as the heat used for the concrete decomposition.

The last three figures show comparisons of results for the three different types

of concrete. In Figure 4, the total mass of molten concrete is plotted versus time.

After 7 hours, between 135 t and 170 t concrete have been decomposed. The calcareous

concrete results in the lowest curve. This is caused partly by the higher de-

composition enthalpy of this concrete and partly by the fact that after 3 hours the

molten metal is solidified due to the lower temperature of the liquid concrete

decomposition products entering the melt. After freezing of the metal layer, the

gases bypass the melt almost complef.y. The silicaceous concrete with the low

content of gaseous decomposition products (type 2) lies beyond the normal sili-

caceous concrete (type 1), for the higher rate of liquid silicate leads to a

higher increase in the viscosity of the oxide layer, thus reducing erosion of the

sidewalls.

While the erosion of the concrete is only weakly influenced by the composition

of the concrete, the gas fluxes released from the concrete and adding to the

containment pressure are very highly dependent on the composition of the concrete.

The strong reduction of the pool temperatures as indicated in Figure 2 also leads

to a distinct reduction of the gas fluxes in the first 2000 to 3000 seconds of

the interaction. Obviously, concrete No. 2 with the lowest possible content of
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gaseous decomposition products is most advantageous with respect to overall

erosion and molar gas fluxes released to the containment.

The results of the WECHSL calculations were used as inputs for the COCO

containment code of Kraftwerk Union. It was simply assumed that the molar gas

fluxes remain constant after 25000 seconds of interaction. Figure 6 shows the

containment pressure plotted versus time after blowdown. The design pressure

of a German standard containment is 5.7 bar, the rupture pressure was assumed

to be 9 bar. Acording to the German risk study, the containment would fail

after 27 hours. If sump water ingress is excluded,the containment would reach

failure pressure, according to the present best estimate computations, between

4.5 days for calcareous concrete (type 3) and 25.5 days for the silicaceous

concrete with the lowest possible content of gaseous decomposition products

(type 2). Sump water ingress would reduce the failure time for normal silicaceous

concrete, (type 1) from 12.5 days to 4.5 days. All these calculations were carried

out without taking into account hydrogen combustion and steam condensation in the

containment atmosphere. These physical effects as well as the further reduction

of gas fluxes by carrying out long time calculations with the WECHSL code in

combination with the COCO code would further reduce the pressure in the containment

atmosphere.

In conclusion,it can be said that the containment failure time due to over-

pressurization is strongly influenced by the type of concrete. Concrete with a low

content of gaseous decomposition products and a high content of silicates seems

to be most advantageous. If sump water ingress could be avoided perhaps by special

design arrangements, the containment could maintain its integrity at least for a

long period of time. Containment failure due to overpressurization could also

be avoided by active cooling of the steel liner from the outside to keep the

temperature of the containment atmosphere at a moderate level.

/I/ Rasmussen, N.C.: Reactor Study - An Assessment of Accident Risks in US

Commercial Nuclear Power Plants, USNRC, WASH 1400 (NTJREG-75/014)s Oct. 1975

HI Der Bundesminister fur Forschung und Technologie (editor): Deutsche Risiko-

studie Kernkraftwerke, Verlag TUV Rheinland, Koln, 1979

/3/ H. Bunz, W. Schock: Natural Removal of Particulate Radioactivity in an

LWR-Containment during Core Melts Down Accidents, this conference
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KfK-report 2890 (in preparation), Kernforschuiigszentirum Karlsruhe.

/5/ Weiterfiihrende Untersuchung des thermohydraulischen Verhaltens der

Kernschmelze, GRS - Vierteljahresberichte BMFT RS166 (1977)
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Concrete

g" . CaCO3

~^Ca(OH)2

aSSiOj
I * H2O

melting tem-
perature, K

decomposition
enthalpy, J/g

©
8.0
17.0
71.0
4.0

1573.

2075.

(D
0.0
11.3

87.0

1.7

1573.

1970.

(D
46.3
13.6

36.1

4.0

1373.

2646.

Table 1: Concrete Properties
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MODELLING OF MOLTEN FUEL/CONCRETE INTERACTIONS

J. F< Muir and A. S. Benjamin

Sandia National Laboratories
Albuquerque, NM 87185

ABSTRACT

A computer program modelling the interaction between molten core materials
and structural concrete (CORCON) is being developed to provide quantitative
estimates of fuel-raelt accident consequences suitable for risk assessment of light
water reactors. The principal features of CORCON are reviewed. Models developed
for the principal interaction phenomena, inter-component heat transfer, concrete
erosion, and melt/gas chemical reactions, are described. Alternative models for
the controlling phenomenon, heat transfer from the molten pool to the surrounding
concrete, are presented. These models, formulated in conjunction with the
development of CORCON, are characterized by the presence or absence of either a
gas film or viscous layer of molten concrete at the melt/concrete interface.
Predictions of heat transfer based on these models compare favorably with available
experimental data.

INTRODUCTION

In the event of a class-9 accident in a light water reactor (LWR), it is
possible that a molten mass of fuel, cladding, and support structure will
penetrate the reactor pressure vessel and fall into the concrete reactor cavity.
The energetic interaction between the high temperature core materials and the
concrete substructure has been identified as a significant phenomenon in core
meltdown accident sequences. ^ High temperature melt/concrete interactions
have been studied both experimentally and analytically at Sandia National
laboratories under sponsorship of the Division of Reactor Safety Research,
Nuclear Regulatory Commission. ' The objective of the analytical effort is to
develop and verify a computer model of molten core material/concrete interactions
capable of providing quantitative estimates of pertinent phenomena, e.g., the
nature and rate of gas evolution and the rate and direction of melt generation,
suitable for use in risk assessment. This paper reports on the model development
activities and is divided into two parts: the first describes the CORCON (core/
concrete interaction) computer model and the second presents two alternative
models for melt/concrete heat transfer.

CORCON COMPUTER MODEL

Analytical aodels describing the physical and chemical phenomena occurring
during the interaction between a pool of molten core materials and a concrete
container have been developed and incorporated into a computer program designated
CORCON. Basically, CORCON models the mass and energy transport among, and
conservation within, the principal components of the system: the concrete
crucible or container, the molten pool, and the gas atmosphere above the pool.
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These are cast in in a two-dimensional, axisymmetric geometry as illustrated
schematically in Figure 1.

The initial concrete cavity may be either a flat or hemispherically based
right circular cylinder or an arbitrary shape defined in terms of n(r,z) body
points* Three particular concrete compositions, specified in terms of 12 species,
are included in the code (Table I).l •» These are representative of LWR basaltic
aggregate and limestone aggregate concretes, and a generic southeastern United
States concrete (the so-called CRBR concrete)*

Deposition of the core melt into the cavity and the formation of a pool are
assumed to be instantaneous* Based on experimental observations,^ •* the separation
of immiscible phases into layers is assumed to occur immediately, allowing the
pool to be treated as a multi-layered structure. Possible pool configurations
range from one single-phase or heterogeneous mixture layer to a metallic layer
sandwiched between two oxidic layers and surmounted by a coolant layer, as shown
in Figure 1. The oxidic and metallic phases are described in terms of 24 species
and 7 elements, respectively, which are built into the code (Table II). Consistent
with the experimentally observed vigorous agitation of the melt by concrete de-
composition gases, •" the pool layers are treated as isothermal in bulk (well
stirred) and are described in terms of bulk "layer properties." The relative
orientation of the layers is determined by the layer densities.

The atmosphere above the pool is modelled as a well-stirred (isothermal)
mixture of reacting gases. Its composition is specified in terms of the 21
species listed in Table II. Bulk atmospheric properties are computed using
standard ideal gas mixture relations.

Mass and energy transport among components and between the system and its
surroundings, including source and sink terms generated by decomposition of the
concrete, chemical reactions, and fission product decay, are described for the
most part using phenomenological models obtained from the literature and based
on empirical or semi-empirical correlations. Chemical reactions modelled include
oxidation of metallic elements in the melt by concrete decomposition gases,
reduction of metallic oxides in the top oxidic layer by atmospheric gases, and
chemical equilibrium of the gases in the atmosphere. Finally, the void fraction
and level s«ell created by the concrete decomposition gases rising through the
pool are described using appropriate bubble size and velocity models.

Experimental observations suggest that the interaction between molten core
materials and concrete is controlled primarily by the rate of heat transfer from
the melt to the concrete.' ' Other phenomena that have a major impact on the
interaction process are: heat transfer within the pool and from the top surface
of the pool, concrete decomposition and erosion, anrt melt/gas-phase chemical
reactions.

Melt/Concrete Heat Transfer

The interface between the molten pool and concrete is modelled as a continuous,
incompressible fluid film which, for the present, is assumed to consist of the
concrete decomposition gases. The melt/concrete heat transfer across this interface,
which is illustrated schematically in Figure 2, is described using applicable gas-
film models. The Taylor instability model for a horizontal surface^ * ^ is employed
along the cavity bottom, up to a local surface inclination angle of 15° (region 1
in Figure 2), at which point the bubbling of concrete decomposition gases into
the pool ceases. The dimensionless heat transfer coefficient for this bubbling
film model is given by:
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NuB - 0.326 Re~1/3 (1)

where: Nu - — Re - S °
B kg »g

L ' - - £ ^— A - SL Laplace
gpp(po - P J I I g(Pa - P.,) I Constant

where v is the superficial gas generation velocity.

At higher surface angles, i . e . , around the sides of the pool, laminar (region 2)
and turbulent (region 3) continuous gas film heat transfer models similar to
those developed for film boiling are utilized. The resulting non-bubbling film
heat transfer relations are:

Laminar: NuL = 0.563 Re"1''3 (2)

Turbulent: NuT = 0.0902 Pr1/3 Re1^6 (3)

where: Nu « J2il , Pr - ^£& , Re
L ' T kg kg

2 i 1/3 x

L" = I -* - — t G6 = I f rv
[ 8pg (p£ " Pg)sin6 J r J o

o

Coupling between the above models is accomplished with two transition regions:
bubbling to laminar film transition (region 4) and laminar to turbulent film
transition (region 5). The former is modelled as a simple linearization of the
heat transfer coefficient in the streamwise direction from 0 = 15° to

6C » 30°. The laminar-to-turbulent coupling is modelled with a Persh type .
2

transition given by the expression:

(NuT - NuL)

Nu - Nu- ^ (A)
(Re/Re ) 2

c

where the critical Reynolds number is taken to be: Re • IOC. In this manner
a continuous description of the melt/concrete heat transfer is provided around
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the periphery of the pool. This is illustrated in Figure 3 which presents a
representative variation of the interface heat transfer coefficient.

Pool Internal and Surface Heat Transfer

Convective transfer from the interior of the pool to its periphery and
across layer interfaces is strongly affected by the gas flow into the pool from
the decomposing concrete. Enhanced heat transfer as a result of the gas driven
circulation may be categorized as either indirect (bubble agitation) for surfaces
across which there is no gas flow, e.g., steeply inclined surfaces, or direct
(gas injection) for surfaces through which there is gas flow, e.g., bottom and
top of the pool and layer interfaces. The location of these heat transfer
regimes around the periphery of the pool (or layer) is illustrated schematically
in Figure 4. Models have been developed to describe the fcfft transfer across
the thermal boundary layer, 6£, in the regions indicated.' ' They consist of
empirically based correlations for gas driven convection combined with standard
turbulent natural convection correlations in the limit as the injected gas flow
approaches zero. The resulting heat transfer coefficients for the regions of
interest are given by the expressions:

Region I - Gas Injection, Near Horizontal Heated Surface

1/3 r , 1/3
1

0.002743AT + 0.4a2 I

(for a cooled surface the coefficient of & becomes 0.00030)

Region II - Bubble Agitation, Near Vertical Surface

1/3 r 1/3
0.00274&VT + 0.05a

The convective heat transfer between pool layers and from the pool to the
atmosphere, i.e., across liquid/liquid and liquid/gas interfaces agitated by
transverse gas flow, is modelled in terms of heat transfer coefficients for the
upper and lower fluids given by:

Region III - Horizontal Fluid/Fluid Interfaces

/ \(Pr ~f )/ \f 2]
\ U * k ( P r ~f ) |O»OO274BAT + 50a I (7)

In all of the above, unsubscripted variable:, are properties of the fluid in
question, AT is the temperature difference across the thermal layer, 6t,
and a is the void fraction in the fluid. For equation (6), a is defined
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by the relations:

T
I

_ h L T L H h hD

h h,,
> h =

I TT.>

=
 hUhL

h U + hL

0.65V A/il (8)
s

where V is the superficial gas injection velocity and A is the Laplace
Constant. Applying the definition of the convective heat transfer coefficient
to each layer separately and then together yields the following expressions
for the interface temperature, Tj, and the overall interface heat transfer
coefficient:

(9)

where q^ is the heat flux across the interface. Representative variations in
the above heat transfer coefficients for typical melt materials are compared
in Figures 5 and 6 with a minimal amount of experimental data and predictions
obtained using other correlations*.

Heat transfer from the pool surface includes both radiation to the
surroundings above the pool and convection to the gas atmosphere. Thermal
radiation is expected to be the dominant heat loss mechanism and is described
using the usual T expression for net radiative exchange between finite surfaces.
Convective heat transfer from the pool is modelled using just the natural
convection term of equation (7) in evaluating (hj.) t at the pool/atmosphere
interface.

Concrete Ablation and Cavity Shape Change

Concrete ablation is modelled using a steady-state, one-dimensional energy
balance to describe the decomposition and erosion of the concrete. Values of
the concrete "heat of ablation" required for this model have been obtained
from experimental investigations of the thermal decomposition behavior of the
three representative concretes specified in the code.^ •* This model is applied
at each point defining the melt/concrete interface to compute the local surface
erosion during each time step.

A two-dimensional, axisymmetric shape change procedure utilizes these
values to define a new cavity shape at each time step. This method employs a
system of fixed rays emanating from a point on the centerline to define the
cavity surface. Local surface erosion is applied along the normal to the
surface at each ray-surface intersection point and then projected back onto
the ray to determine the new surface point for the next time step.

*The Greif correlation is based on data for air bubbling through water, ethylene
glycol, and various oils. Szekely and Konsetov developed analytical heat
transfer models.
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Melt/Gas-Phase Chemical Reactions

Melt/gas-phase chemical reactions are treated thermodynamically for two
subsystems: metallic phase/concrete decomposition gases and top oxidic layer/
atmospheric gases* The first involves oxidation of the metallic elements
thus decreasing the metallic phase of the melt (shown experimentally to attack
concrete much more aggressively than oxidic phases^ ••). The second subsystem
includes the reverse reaction, reduction of metallic oxides, which serves to
increase the metallic phase thus mitigating the effect of the metal/gas reaction.
Each subsystem is assumed to reach chemical equilibrium during each time step,
but they are not in equilibrium with one another. The method employed is to
minimize the free-energy of a reacting chemical system at constant temperature
and pressure subject to the mass balance constraint. This is accomplished using
a first order, steepest descent minimization technique. It has an important
advantage that neither the reactions nor their order of occurrence need be known
to obtain a solution. The principal disadvantages are that although the solution
follows the phase rule it does not do so completely, and that trace species in
the melt are not accurately determined.

Current Status

A simplified initial version of the code, C0RC0N-M0D 0, is now operational
and is currently being debugged and checked out on sample problems. In this form,
the program has a storage requirement of 115K octile. The ratio of problem real
time to computation time varies with problem conditions and currently ranges from
approximately 10 to 40.

Plans for Code Comparison Tests/Analysis

One immediate applicaton of CORCON will be to perform prediction calculations
for the Sandia code comparison tests. Two such tests have been conducted as part
of an agreement between the NRC and the Federal Republic of Germany. In each case
approximately 200 kg of 17009C stainless steel was deposited into a limestone
concrete (generic southeastern U. S.) crucible. The melts were sustained for
periods of approximately one hour by induction heating. Good quantitative data
were obtained on several aspects of the interaction process. The objective of
the code/test comparison activity is to provide a basis for evaluating various
melt/cone-etc interaction codes with respect to how well they model the important
interaction phenomena and predict critical events.

ALTERNATIVE MELT/CONCRETE HEAT TRANSFER MODELS

It has been established by core/concrete interaction experiments at Sar.dia
and as part of the development of CORCON that the heat transfer coefficient
between molten core materials and concrete is much lower (i.e., the resistance
is much higher) than would be expected on the basis of conduction or convection
between the two media.' •• This observation Initially led researchers to
propose the existence of a stable gas film between the molten core and the
concrete,' ^ and that is the basis for the current heat transfer models in
CORCON. The gas film theory, however, has two questionable aspects* First, the
superficial velocities of the evolving decomposition gases (0.1 to 1*0 m/s) have
been shown to be too low to support a stable film. *•"* Second, the gas film
model ignores the importance of the slag-like components.(principally
CaO, and AI9O3) that are produced by concrete melting. ̂ '
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Postytest analyses of experiments involving molten steel pools in concrete
crucibles' •* have revealed a thin Immiscible slag film separating the unmelted
concrete from the steel, in addition to a thick, residual slag layer atop the
denser steel pool. The thickness of the slag film, typically 2 to 3 mm, suggests
that it contributed a significant resistance to the heat transfer from the molten
steel to the concrete.

Two new core-concrete heat transfer models have recently been formulated to
account for the insulating effect of the slag components. One of the models
applies to the interaction of concrete with the metallic phase, and the other
applies to the interaction with the oxidic phase. The two models are summarized
in the next two subsections; mathematical details may be found in another paper.^ •*

Concrete Interaction with the Metallic Phase

The heat transfer to concrete from a pool comprised mainly of molten steel
is assumed to be governed by conduction across a slag film. The thickness of
the film depends on two transport mechanisms, one being the formation and
separation of slag droplets caused by Taylor instability, and the other being
the creeping movement of the slag around the sides of the concrete containment
(see Figure 7). When the momentum, energy, and mass conservation equations are
applied to this geometry, the following expression is obtained for the heat
transfer coefficient across the slag film at the bottom of the containment:

h . 0 . 5 3 ^ [ ^ - ^ ; f "
2 [ l « . 2 ^ ) | (10)

Rd vsX

Here kg£, PS£, and uS£ are respectively the thermal conductivity, density,
^nd viscosity of the slag, the last of these evaluated at a reference temperature
T, v . is the superficial slag generation velocity, p. is the density of the
molten steel, g is the acceleration of gravity, and Rc is the radius of curvature
of the concrete surface at its centerline. The quantity R^ is the slag droplet
radius, given by:

where a is the surface tension between the molten slag and the molten steel.
A differential equation giving the variation of h with position, x, is also
obtained.

Comparison of Equation (10) with experiments involving molten steel pours
onto limestone and basaltic concretes'- » •• indicates that the slag film model
reasonably reproduces the data (see Figure 8). The heat transfer coefficients
for these tests were estimated by evaluating the concrete surface recession rates
from either real-time ultrasonic measurements or post-test visual observation,
and applying to them an effective heat of ablation obtained from therraodynamic
data. •• ^ Preliminary numerical comparisons of the slag film model with the gas
film model currently used in the codes WECHSL and CORCON indicate that the two
give comparable results.
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Concrete Interaction with the Oxidic Phase

The heat transfer to concrete from pool composed initially of uranium
and zirconium oxides is also presumed to ue governed by the slag produced by
concrete melting, but in a different way. There is no distinct slag film in
this case. The slag components either dissolve in the oxide pool or, as in the
case of CaO, react with the UO5 to form uranates. The resulting mixture is
presumed to be homogeneous, and its transport properties are presumed to be
governed by the slag components. The hydrodynamics of the mixture are dictated
by the agitation produced by gas bubbles emanating from the concrete.

In order to simplify the complicated flow problem, the bubbles are assumed
to drive the pool dynamics according to the structured geometry shown in Figure
9. After a somewhat involved derivation based on the use of conservation
equations and existing heat transfer correlations, the following result is
obtained for the heat transfer coefficient at the bottom of the containment:

h = h N C + (h* - hNC)f(vg/vg*) (12)

where, for mixtures of very high viscosity:

I (%<f))
h -0.218 M 8 b P « ( P « P 8 ) 1 Pr " 3 (13)
* Rbl / ^2 I sZ

gRv (pfiff - p p )
0.0185 b sZ £ - (14)

(T)
s£

ke0 1/3

V = 0*14 - r ( G W
The function f(v /vg*) is obtained from a correlation of data l

i<*»i5J and
is shown graphically in Figure 10. Here v is the superficial gas velocity,
p is the density of the evolved gases, Prg^ is the slag Prandtl number, Gr,
if the Grashoff number based on slag properties, L is a characteristic length
that cancels out of the equation, and R^ is the gas bubble radius, given by

S'fViB^T?



-213-

The other parameters have been defined earlier.
The predicted coefficient of heat transfer from a core oxide-slag mixture

to concrete is shown in Figure 11 as a function of the bulk pool temperature.
Because there are presently no experimental data that may be used for comparison
with the theory, the model for core oxide interactions with concrete is
unverified. It should be used with caution.

CONCLUSIONS

A computer model of the interaction between molten LWR core materials and
structural concrete has been developed. This model contains new features, such
as: multi-layered pool structure, mechanistic description of melt/concrete heat
transfer using applicable gas-film models, localized concrete ablation based on
experimental decomposition data, cavity shape determined by local concrete erosion,
chemically reacting gas atmosphere above the melt, and more complete melt/gas
chemistry including reduction of metallic oxides in the melt. Alternative melt/
concrete heat transfer models based on the effects of the concrete slag have been
developed and are being evaluated for inclusion in GOROON. In the case of molten
steel on concrete, the gas film and slag film heat transfer models give comparable
results, and both are in general agreement with the available data.
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ANALYSIS OF A PASSIVE EX-VESSEL CORE RETENTION
DEVICE DURING A POSTULATED CORE KELT EVENT*

W. T. P r a t t and R. D. Gasser
Department of Nuclear Energy

Brookhaven NationaJL-iaiioratory
b 1197^

ABSTRACT

An assessment has been carried out on the penetration of
a molten core into a passive ex-vessel retention device (con-
structed from MgG). The MELSAC computer code has been devel-
oped to model molten UO2 penetrating MgO. The model also ac-
counts for the feedback effect of heating-up surrounding struc-
tures. The sensitivity of MgO penetration and heating-up of
structures to a range of MELSAC input variables was evaluated.
The scoping study indicated that the amount of heat that can
be rejected to structures above the pool tends to control the
penetration of MgO. The installation of a core retention de-
vice greatly increases the time at which a molten core would be
released from containment. However, structures in the reactor
cavity would have to be protected to prevent damage by thermal
radiation from the pool surface.

INTRODUCTION

This* paper considers the effect of installing a core retention device
in a pressurized water reactor (PWR). Numerous devices for ex-vessel core
retention have been proposed and three fundamental concepts have been
identified, namely: sacrificial beds, crucibles and trays. The sacrifi-
cial bed concept is a passive system in which a large volume of material
(e.g.: UO2, ThO2, MgO, Graphite, etc.) is provided with a concavity
at its upper surface. The molten core falls into the concavity and then
melts into the sacrificial material. The crucible and tray concepts are
active systems involving external cooling systems. Containment of the
molten core can be defined in the crucible and tray concepts, whereas the
end of the melting process is not well defined in the sacrificial bed con-
cept.

This paper is concerned specifically with the application of the sac-
rificial bed concept. For the purpose of our analysis, we assume that the
concrete beneath the reactor vessel in a PWR has been replaced with a sac-
rificial bed of MgO. The analysis has application to a sacrificial bed
[1] proposed for floating nuclear plants (FNP) and to potential mitigating
safety features in land-based plants. An extensive evaluation i.2] of the
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FNP sacrificial bed (called a core ladle in Reference 1) was carried out
at BNL in connection with the U . S . Nuclear Regulatory Commission (NRC)
safety review [3] of the FNP concept. In this paper, the generic aspects
of the model and analysis are emphasized.

MATHEMATICAL MODEL

Following a postulated melt-through of the reactor vessel, a number
of molten core materials would enter the sacrificial bed. The composi-
tion of the molten pool is open to conjecture4 but would probably consist
mostly of UO2 with smaller quantities of steel and zirccnium in their
oxide state. The configuration to be analyzed is illustrated in Figure 1.
Heat transfer from the pool would primarily occur via radiation from the
top surface to the upper reactor cavity structures and by melting and con-
duction from the lower surface into the MgO. Mass addition to the pool
would result from the melting of the MgO and possibly from structures in
the upper reactor cavity (which may melt and fall into the pool). The
heat and mass transfer processes described above are highly coupled and
any analysis of the problem should attempt to simultaneously solve the
directional heat transfer within the molten pool including the feedback
effect of heating-up the structures in the reactor cavity. Existing mol-
ten pool analytical models [4,5] are not directly applicable to the above
problem as they do not include the important feedback effect.

The model presented here incorporates the most important features
of the problem within a reasonably simple framework. The resulting com-
puter code, MELSAC [6], is fast running and sensitivity studies (of data
and model assumptions) can be performed in a straightforward manner. In
MELSAC, the molten pool is assumed to be initially pure UO2. As the
melt front moves into the MgO, the code computes the dilution of the UO2
with molten MgO. Conduction ahead of the melt front into the MgO is mod-
eled. The possibility of a crust forming on the exposed upper surface of
the molten pool is also considered. Heat is transferred from the pool
surface by thermal radiation to the reactor vessel and the cavity wall.
The cavity wall is represented as a slab, and one-dimensional transient
heat conduction in the wall is modeled„ The reactor vessel is uodeled as
a series of connected masses.

SCOPING STUDY

The sensitivity of the penetration of the MgO and the heating up
of the structures in the reactor cavity to six input parameters (namely:
pool heat transfer correlations, MgO melting temperature, heat transfer
from the back of structures, reactor vessel heating and melting, heat
transfer from pool surface to structure, and cavity wall configuration)
has been examined using MELSAC. The input parameters to MELSAC, as well
as the pertinent results obtained from the code, are included in Table I.
The data in Table I was obtained by assuming a full core meltdown and
penetration of the reactor vessel by the core debris after 1 hour. It
was also assumed that 80% of the fission products decay heat remains in
the molten pool. The reactor cavity was assumed to be dry and the con-
figuration is similar to the proposed FNP design.
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TABLE I

Scoping Study Using MELSAC

CASE

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

CAVIii WALL
MgO

THICKNESS
<»)

.3048

.1524

.4572

.6096

.3048

.3048

.1524

.4572

.6096

.3048

.3048

.3048

.3048

.3048

.1524 ZrO2

.3048 ZrO2

CAVlit WALL
CONCRETE
THICKNESS

(a)

.3048

.4572

.1524

0.0

.3048

.3048

.4572

.1524

0.0

.3048

.3048

.3048

.3048

.3048

.4572

.3048

INPUT PARAMETERS

REACTOR
VESSEL
MODEL

YES

YES

YES

YES

YES

WO

NO

NO

NO

NO

NO

NO

NO

NO

YES

YES

POOL SURFACE
TO STRUCTURES
HEAT TRANSFER

N.B.B.

N.B.B.

N.B.B.

N.B.E.

B.B.

N.B.B.

N.B.B.

N.B.B.

N.B.B.

N.B.B.

N.B.B.

N.B.B.

B.B.

N.B.B.

N.B.B.

N.B.B.

MOLTEN POOL
DOWNWARD
HEAT

TRANSFER

D.D.

D.D.

D.D.

D.D.

D.D.

D.D.

D.D.

D.D.

D.D.

T.D.

T.D.

D.D.

D.D.

D.D.

D.D.

D.D.

STRUCTURES
BACK SIDE

HEAT
TSANSFER

N.C.

N.C.

N.C.

N.C.

N.C.

A

A

A

A

A

A

A

A

N.C.

N.C.

N.C.

KgO
MELriNG
TEMP.
(°K)

3073

3073

3073

3073

3073

3073

3073

3073

3073

3073

2553

2553

3073

3073

3073

3073

OUTPUT

TIME TO
PENETRATE

1.6 IB
MgO

(DAYS)

4.75

4.46

5.08

5.50

4.83

3.87

3.71

3.92

3.88

4.08

DATA FROM MELSAC

REACTOR VESSEL

TIME TO START
VESSEL MELT.

(HR)

2.60

2.60

2.60

2.60

2.24

-

-

-

-

-

POOL FROZEN IN 9 HRS.

POOL FROZEN IMMEDIATELY

3.96

4.17

3.50

3.50

-

-

2.08

2.08

TIHE TO
COMPLETELY

MELT
VESSEL
(DAYS)

1.67

1.54

1.75

1.75

1.29

-

-

-

-

-

-

-

-

-

1.42

1.42

CAVITY WALL

TIME TO START
OF REFRACTORY

MELT.
(DAYS)

_

-

-

_

-

-

-

_

0.59

-

-

-

_

1.98

2.04

TIME TO
START OF
CONCRETE

MELT.
(DAYS)

0.39

0.15

0.69

0.8&

0.42

0.3?

0.15

0.G5

0.72

0.35

-

-

0.38

0.37

0.41

1.39

I

YES: Model Includes 670328 Kg reactor vessel steel (modeled as 20 nodes).

NO: Model does not Include reactor vessel.

N.B.B.: Pool surface to structures effective emlsslvlty 0.5.

B.B.: pool surface to structures effective emlsslvlty 1.0.

D-D. « FsrhaJteh-Baker Correlation (Kef. 10).

T.D. • Kulackl-Goldstein Correlation (Ref. 7).

N.C. • Heat transfer from back structures by natural convection.

A • Rack structures adlabatlc
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At present, upward molten pool heat transfer in MELSAC is based on
the upward Kulacki-Goldstein (KG) correlation [7J, which was obtained
from experiments on an internally-haatad pool transferring heat to a
solid interface. This correlation is applicable to the present analy-
sis, with the solid crust representing the upper solid interface. Down-
ward heat transfer to the U(>2/MgO melt interface is treated differently.

There is a lack of experimental data on molten UC^/MgO interactions
and the data [8,9] that is available was obtained using small quantities
of molten materials. However, a number of simulant experiments have been
carried out to determine the heat transfer processes that are operating
within melting systems. The earlier downward correlation [7] developed
by KG for pool heat transfer is based on a Rayleigh number formulation,
which uses the difference between the bulk pool temperature and the melt-
ing interface temperature as the driving force. However, more recent
experiments 110] by Farhadieh and Baker (FB) indicate that when a dense
molten pool (UO2) is penetrating a less dense solid substrate (MgO), a
hydrodynamically unstable melting system is formed, which induces signif-
icant buoyancy-driven motion. This motion greatly increases the heat
transfer coefficient to the UC^/MgO melting interface and at early times
the FB correlation is typically 200 times as high as the KG correlation.

Based on available experimental information, it is reasonable to ap-
ply the FB correlation to molten UC>2/MgO interactions. It is interest-
ing to note, however, the effect of assuming the KG correlation instead
of the FB correlation. From a comparison of Cases 1 and 10 in Table I,
it is seen that MELSAC predicts that the penetration of 1.6 m of MgO is
relatively insensitive to the two correlations. When a crust at the sur-
face of the molten pool is modeled and the effect of heating-up struc-
tures above the pool are considered, then the bulk temperature adjusts
itself so that the downward heat fluxes given by the two correlations
are similar. The effect is discussed in greater detail in a recent BNL
report [2].

The melting temperature of the MgO strongly affects downward heat
transfer. There is experimental evidence [9] which indicates that the
MgO will melt at the MgO/UO2 eutectic temperature (2553 K, 4136°F) as
opposed to the pure MgO melting temperature (3073 K, 5072°F). This cer-
tainly may be true for the initial molting phase, however, as MgO melts
and accumulates at the surface, the tielting temperature may not be the
eutectic temperature. This is becausa the UO2 must diffuse through
the molten MgO at the surface to form a eutectic composition. The melt-
ing rate then becomes a function of the diffusion process rather than
the heat transfer process. However, when the pool itself becomes suffi-
ciently diluted with molten MgO (certainly at the point beyond the eutec-
tic composition), the melting temperature must be closer to the pure MgO
melting temperature. Two cases were run using the eutectic melting tem-
perature. The first case, Case 11, employed the KG downward heat transfer
coefficient and the second case, Case 12, used the FB heat transfer coef-
ficient . In Ce.se 11, the bulk pool temperature reached the MgO/UO2 bi-
nary solidification temperature of the pool in about 9 hours after the
start of MgO melting. With the enhanced heat transfer coefficient in Case
12, the pool again freezes soon after the MgO begins to melt. After the
pool freezes, heat transfer from the pool would be conduction limited and
the pool may subsequently heat-up and reraelt. This phenomena cannot be
modeled in the present version of MELSAC.
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An additional case was run in connection with the downward heat
transfer process to determine the effect of assuming a heat loss term
due to natural convection from the bottom of the sacrificial bed and
the back of the cavity walls. Case 14, which employs a natural convec-
tion heat transfer coefficient, can be compared to Case 6 which assumes
an adiabatic wall. The penetration time is not strongly affected and
increases from 3.87 days to 4.17 days. In addition, taking credit for
heat transfer from the back of the wall does not effectively change the
time at which the concrete begins to decompose (1473 K, 2190°F).

Cases 1 and 14 can be compared to determine the effect of the ves-
sel heat sink on the system response. Inclusion of the vessel with its
relatively low melting temperature (1683 K, 2570°F), has the effect of
increasing the radiative heat flux and, thus, decreasing the penetration
rate. Table I shows that the time to penetrate the floor mat is 4.17
days without the vessel and 4.75 days with the vessel. This represents
an increase in penetration time of nearly 15%. At present, the MELSAC
code does not model the addition of molten steel into the UO2 pool as
the reactor vessel is predicted to melt.

Two cases, which model the reactor vessel (Cases 1 and 5), and two
cases, which do not model the vessel (Cases 6 and 13), can be compared to
show the effect of upward heat transfer on the system response. Cases 1
and 6 incorporated non-black body radiation (e=0.5) while Cases 5 and 13
used black body radiation (e=1.0). Although the enhanced upward heat
transfer associated with the black body assumption ir creases the time re-
quired to penetrate the sacrificial material, the difference is not sig-
nificant. There are two effects which tend to produce the above result.
The first effect is that with higher pool surface heat fluxes, the wall
surface temperature builds up more rapidly with the result that the radia-
tive temperature differential between the pool surface and the wall is
decreased. The second effect is that, again, due to enhanced upward heat
flux from the surface, the crust solidification rate is increased, re-
sulting in a greater crust thickness. The thicker crust more effectively
insulates the pool. This, in turn, has the effect of both decreasing the
pool crust surface temperature, thereby reducing radiative heat transfer,
and keeping the pool temperature higher than might have been expected.
The result is that downward penetration is not strongly affected

At an early stage in the analysis it became clear that the concrete
and steel in the cavity walls would have to be protected from thermal
damage due to thermal radiation from the molten pool surface. As part
of the scoping study, varying thicknesses of refractory materials (namely:
MgO or ZrO2) were used to protect the cavity walls. The general config-
uration assumed in Table I (total wall thickness (refractory plus con-
crete) of 0.6 m) should not be interpreted as representative of the latest
FNP cavity wall configuration. In this paper, we are simply examining the
feasibility of protecting the concrete walls with suitable thickness of
refractory materials. Cases 1 through 4 represent varying MgO thicknesses
for the configureiion which models the vessel, and Cases 6 through 9 are
the cases which do not model the vessel. Clearly, the thicker the refrac-
tory, the longer the concrete can be maintained below its decomposition
temperature. However, the concrete cannot be maintained below its decom-
position temperature in the assumed configuration for more than 1 day.
Two additional cases (Cases 15 and 16) were run usivig the same general
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configuration (0.6 m of wall) but us/.ng Zr02 in place of MgO. The ZrC>2
has a significantly lower thermal conductivity than MgO. With one foot
of Zr(>2 protecting the concrete, it can be maintained below its decom-
position temperature out to about 1.4 days. With 0.46 m (1.5 ft) of
Zr02 a nd 0.15 m (0.5 ft) of concrete, the concrete could probably be
protected out to 2 days. However, an additional problem is encountered
with the use of ZrO2« Its melting temperature is about 123 K (221°F)
lower than that of MgO with the result that the ZrO2 begins to melt at
about 2 days.

CONCLUSIONS

It is concluded from the scoping study that the penetration of the
sacrificial bed is relatively insensitive to the two molten pool heat
transfer correlations considered. If the lower eutectic temperature of
the U02/Mg0 mixture is used as the melting point of the MgO, then the
pool is predicted to rapidly cool and freeze. The effect of including the
additional heat sink associated with the reactor vessel is to increase the
sacrificial bed penetration time by about 15%. Penetration of the sacri-
ficial bed and heating-up of the cavity walls is delayed by less than 10%
if natural convection is modeled from the back of these structures rather
than assuming them to be adiabatic. Finally, the scoping study indicates
that suitable thicknesses of refractory can be successfully used to pro-
tect the concrete cavity walls.

We consider that the current predictions by MELSAC yield early times
with respect to MgO penetration, heating of the structures in the cavity
and melting of the reactor vessel. The effect of diluting the pool with
oxidized steel and zircalloy would tend to increase the time scale of the
above events. It is clear that installation of a passive ex-vessel core
retention device increases greatly the time at which the molten core would
be released from containment. However, the effect of thermal radiation
from the pool surface is significant and the cavity walls and roof would
have to be protected to prevent thermal damage. It is also clear that a
substantial quantity of steel from the reactor vessel would also be melted
during the hold-up of the molten core in the retention device. The addi-
tion of the steel from the vessel to the molten pool is not currently mod-
eled in MELSAC. It is likely that the additional steel melted from the
vessel would be unoxidized, which suggests the presence of a steel layer
separated from the oxide layer. Initially, the steel layer would be on
top of the oxide layer. However, the oxide (Mg0/U02) will eventually
become less dense than the steel, and the steel layer may sink below the
oxide pool. In this configuration, downward penetration would be inhib-
ited. Future work, both experimental and analytical, should therefore be
directed to addressing the effect of steel and zircalloy addition to the
molten pool.



-225-

ACKNOWLEDGMENTS

This work was performed under the auspices of the U . S . Nuclear
Regulatory Commission.

REFERENCES

1. "FNP Core Ladle Design and Safety Evaluation," Offshore Power Sys-
tems, Topical Report No. 36A59, April 1979.

2. W. T. Pratt and R. D. Gasser, "Thermal Analysis of a Floating Nuclear
Power Plant Core Ladle," BNL-NUREG-27037, December 1979.

3. "Safety Evaluation Report related to Offshore Power Systems Floating
Nuclear Plants (1-8)," NUREG-0054, February 1980.

4. For a description of the original version of the GROWS code see ANL/
RAS 74-29, October 1974. A new version of GROWS (GROWS2) was made
available at a meeting held at ANL on July 10, 1979.

5. W. A. Murfin, "A Preliminary Model for Core/Concrete Interactions,"
Sandia Laboratories, SAND 77-0370, August 1977.

6. R. D. Gasser and W. T. Pratt, "MELSAC - A Computer Code to Determine
the Thermal Response of a Sacrificial Bed and Surrounding Structures
to a Core Melt Event," to be published as a BNL report.

7. F. A. Kulacki and R. J. Goldstein, "Thermal Convection in a Horizon-
tal Fluid Layer with Uniform Volumetric Energy Sources," J. Fluid
Mech., Vol. 55, Pt. 2, pp. 271-287 (1972).

8. D. G. Swanson, "Molten Core Debris Interactions with Core Containment
Meterials," Proc. Third PAHR Information Exchange, ANL-78-10,
November 1977.

9. R. P. Stein et al., "Interaction of Heat Generating Molten UO2 with
Structural Materials," Proc. Third PAHR Information Exchange, ANL-78-
10, November 1977.

10. R. Farhadieh and L. Baker, Jr., "Heat Transfer Phenomenology of a
Hydrodynamically Unstable Melting System," J. Heat Transfer, Vol.
100, Pt. 2, pp. 305-310 (1978)



-226-

STEAM EXPLOSION STUDIES WITH SINGLE DROPS
OF MOLTEN REFRACTORY MATERIALS*t

Lloyd S. Nelson
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ABSTRACT

Laser heating, levitation melting, and metal combustion were
used to prepare individual drops of molten refractory materials
which simulate LWR fuel melt products. Drop temperatures ranged
from «1500 to >3000K* These drops, several millimeters in dia-
meter, were injected into water and subjected to pressure transients
(«lMPa peak pressures) generated by a submerged exploding bridgewire.

Molten oxides of Fe, Al and Zr could be induced to explode
with bridgewire initiation. High speed films showed the explosions
with exceptional clarity, and pressure transducer records could
be correlated with individual frames in the films. Pressure spikes
one or two MPa high were generated whenever an explosion occurred.
Debris particles were mostly spheroidal, with diameters in the
range 10 - 1000 um.

Drops of molten iron could not be induced to explode with
bridgewire pressure transients. As a drop of metallic iron enters
the water, it is quickly surrounded with a large bubble of a non-
condensing gas, presumably hydrogen, which seems to cushion the drop
and prevent explosive action with initiating transients of this
magnitude.

It is possible to determine the conversion of melt enthalpy
to work by studying the bubble growth as a single molten drop under-
goes a steam explosion; conversions on the order of 8% were estimated
for molten iron oxide drops.

INTRODUCTION

In a light water reactor, it is important to understand the hazards
involved in a core meltdown accident in which hot molten fuel and core
materials might come together with liquid water. This could cause a steam
explosion which might damage reactor containment and lead to unwanted release
of radionuclides to the surroundings. A review of these hazards, and previous
theoretical and experimental studies in this area, has been prepared recently
by Cronenberg and Benz.

Steam explosions have been investigated experimentally in a number of
ways, with most studies being performed with hot liquids which have relatively
low melting temperatures. Moreover, these studies usually have been performed

* This work was supported by the U. S. Nuclear Regulatory Commission.
t This paper was prepared for the American Nuclear Society's Topical

Meeting on Thermal Reactor Safety, Knoxville, TN, April 8-11, 1980.
** A U.S. Department of Energy Facility.
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by pouring either the hot or the cold liquid into the other, producing uncer-
tain contact geometries and the possibility of entrapment. These factors can
produce results which are difficult to interpret quantitatively, particularly
in the framework of explosivity of molten refractory core materials. Clearly,
there is need for theoretically tractable steam explosion experiments with
melts which have properties and melting temperatures that are close to those
anticipated in core melt accidents.

The arc melting studies which have been performed earlier have produced
information on the nature of steam explosions when «15 g sessile globs of
molten prototypical substances are flooded with water. It has been possible
to induce a number of oxidic Corium-like melts to explode and generate vigor-
ous pressure transients. It has not been possible to initiate explosions in
molten stainless steel, however. Several parameters of major importance in
steam explosion phenomena were identified in these studies: melt composition,
the nature and magnitude of initiating pressure transients, coolant tempera-
ture, and overall system pressure.

In the arc melting experiments, it also was found that the major pressure-
producing event in the steam explosion is the simultaneous fragmentation and
heat transfer of a dispersion of 0.5-2 mm diameter drops in water; these drops
were produced in a preliminary coarse breakup induced by a pressure transient
generated in the water phase. Under certain conditions, these relatively
large drops apparently explode simultaneously regardless of their
diameters, temperatures and Velocities through the water. These drops com-
municate with each other to give a time-coherent interaction which produces
a pressure transient with an initial rise time as short as 10 microseconds.
Peak pressures as high as 5.6 MPa have been recorded on transducers placed
80 mm from the interaction center.

The arc melting experiments suggest (a) that the explosion of an indivi-
dual drop might initiate the explosion of other drops, and, conversely, (b)
that the explosion of a given drop might be initiated by exposing it to
a given pressure transient. This drop-to-drop interaction seems
to be a very important aspect of steam explosions, probably the basis for
propagation of the interaction across relatively large volumes of coarsely
fragmented melt mixed with water.

Unfortunately, the sessile glob experiments provide films and pressure
traces which are relatively difficult to interpret quantitatively. To
remedy this, an improved technique has been developed which involves the
generation of single, well characterized drops of molten materials similar
to those anticipated in a fuel—coolant mixture - molten oxides and metals,
and their various intermixtures. These drops, several millimeters in dia-
meter, are dropped into a small tank of water and, shortly afterwards, are
exposed to pressure transients generated in the water by exploding wires.
Small but vigorous steam explosions can be produced in this manner.

The interactions of single drops of molten protypical materials with
water offer the following advantages over pouring and flooding procedures:
simpler and more easily interpreted photographic and transducer data; more
precise debris collection; easier control of the composition of the melts;
higher melt superheats; and better knowledge of melt-coolant contact
conditions (e.g., geometry, temperature, system pressure, added pressure
transients).

The information to be learned from the single drop experiments includes:
(1) the nature of chemical effects, both those of the melt composition, and
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possible interactions between melt and coolant; (2) the nature of drop-to-drop
propagation and the threshold characteristics of the pressure transients
needed to induce an explosion; and (3) an estimate of the conversion of
melt enthalpy to work in the interactions, taking advantage of the simple
spherical geometry and the relatively uncomplicated interaction of one
drop with its surroundings.

PROCEDURES

The objective of each experiment is to prepare a single drop of a proto-
typical molten material which is well characterized as to its composition,
temperature, diameter and velocity upon entering the coolant. Three heating
techniques have been used:

Laser-Melted Drops. Here a single pendant drop of melt is supported
on a fine filament with all heating being done by the power emitted by a
320 W maximum continuous wave carbon dioxide laser. A diagram of the experi-
mental arrangement is shown in Figure 1. The laser radiation at a wavelength
of 10.6 ym is strongly absorbed by oxidic compositions and has been used
to produce and study pendant drops of several refractory oxides, for example,
molten alumina. The maximum drop diameter achievable with this laser is on
the order of 5 mm. Since radiation of tliis wavelength is not absorbed well
by metals, another technique is used for producing metallic drops.

Levitation-Meltcd Drops. Levitation melting is an excellent technique
for producing metallic drops. W_ch an apparatus presently available, it
is possible to melt metals in sa ulttapure argon atmosphere, thereby mini-
mizing oxygen-related impurities. Unfortunately, there is only a narrow
range of drop diameters which can be successfully levitated. For metallic
iron, this is 5±1 mm in the available apparatus. A diagram of the levita-
tion melting apparatus is shown in Figure 2.

Drops Prepared by Combustion. The compositions of interest in studies
of steam explosions with prototypical materials include molten oxides of
various stoichiometries and, in some instances, at very high temperatures.
Since the cationic components of the prototypical oxidic fuel melt materials
are normally metals which undergo vigorous exothermic combustion in oxidizing
atmospheres (e.g., U, Zr, Fe, Cr, Ni, and the rare earth metals), it seems
likely that many simulated fuel melt compositions with very high superheats
may be produced by metal combustion techniques.

Freely falling, 2.7 mm diameter drops of oxidic melts at very high
temperatures were prepared by igniting small samples of the metallic com-
ponent of the hot liquid (e.g., uranium to prepare uranium oxides), in an
oxygen-rich atmosphere. The resulting oxidized drop fell into water after
a given contact time with the oxidizer. From the theory of metal combustion,
it should be possible to achieve drop temperatures which approach the boiling
temperature of the oxide (»4000K for UOj) and compositions which approach
the fully oxidized material. Interactions of the metal with the oxidizer
have been initiated by both levitation beating and laser heating. Schematic
diagrams of the experimental apparatus are shown in Figures 3 and 4.

Diagnostics. The various molten drop-water interactions were studied
by high speed photography (Hycam 16 mm camera, »5000 frames per second)
and lithium niobate pressure gages suspended freely in the water. After the
explosion, the debris was separated from the water and studied by both optical
and scanning electron microscopy, using samples either as collected or after
cross-sectioning.
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RESULTS

The single drop steam explosion studies were conducted with melts of
the following compositions: 7

Fe^1.3* ^l^-s material simulates Corium compositions in melting
temperature and a number of other physical properties.
Fe« Molten iron simulates stainless steel, a probable component
of the core melt. Molten iron is also a component of the
thermite melts which have been used to produce steam explosions
in the field.8

ALjjĈ j* This material was chosen because many physical properties
are known in the molten state and because it melts without signi-
ficant change of composition. Also, molten alumina is the other
component of the thermitic melts ut>ed in the field.
ZTOQ Q. This material simulates the substoichiometric uranium oxides.
By its mode of preparation, it was possible to study the interaction
between a melt at a very high temperature and liquid water.
Laser Melting Experiments. Molten iron oxide with (O/Fe) =1.3 was

prepared by laser melting in an air atmosphere. From the Fe-D phase diagram,
this is the melt composition stable in air at local atmospheric pressure. The
material is readily prepared from iron foil cut to produce drops of the desired
diameter, 2.7 mm. The molten material was suspended on 0.25 mm diameter iridium
wire during melting. The melt was dropped into the water by a quick upward
pull on the wire with a solenoid.

Films show that as soon as a drop is immersed in water, it is surrounded
by a boiling film a fraction of a millimeter thick. If no trigger is
applied, the cooling drop gives off several tiny jets similar to those observed
by Zyzskowski. After the drop cools to ambient temperature, a sphere can be
retrieved which has approximately the same diameter as the original drop prior
to contact with water.

However, if a bridgewire is fired in the water »0.l5 s after the drop
submerges, a vigorous explosion can be initiated. The films show that the
firing of the bridgewire and the onset of the steam explosion occur within
one frame (»200 ps). The steam explosion forms a bubble which grows
and collapses several times. The horizontal bubble diameter versus time,
taken from one film of a drop explosion, is shown in Figure 5a. Transducer
records show that * 1-2 MPa pressure spikes accompany the start of each
bubble inflation, as shown in Figure 5b.

As the steam explosion bubble inflates and collapses, finely divided
dark colored debris can be seen depositing in the water. When examined with
a scanning electron microscope, the debris particles are seen to be almost
entirely spheroidal, as shown in Figure 6. This should be compared with the
debris obtained in both the arc melting and field experiments, where both
spheroidal and mossy particles were formed. (It was observed in the arc
melting experiments that the ratio of mossy to spheroidal material increased
as the violence of the explosion increased. Also, the mossy material
usually had smaller particle sizes than the spheroidal particles.)

Pendant drops of molten alumina were prepared by laser welding 2.4 mm
diameter sapphire spheres to 0.25 mm diameter sapphire fiber supports.
When dropped into water, the behavior of the alumina was similar to the iron
oxide, except that the explosions were weaker. It should be pointed out,
however, that only small superheats are possible here because the fiber-drop
interface must be maintained at approximately the melting temperature of
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aluminum oxide (2327K). (It is assumed that fragmentation and explosivity
progressively becomes less violent as the melt temperature approaches the
solidification temperacure.) The debris particles were considerably larger
here than in the iron oxide experiments and not as Ideally spheroidal as
those shown in Figure 6, although the material still appeared to have been
formed from a molten material.

Levitation Melting. Several preliminary experiments were performed with
molten Iron drops of »5 mm diameter. The drops were melted in purified
argon and injected into water through a fast acting valve. Bridgewire
stimulation was attempted, but explosions could not be induced. Large sacs
of a noncondensing gas formed around the drops as soon as they entered the
water. It is assumed that this gas is hydrogen, generated by the metal-
water interaction. From the kinetics of this reaction, bubble diameters
are predicted to be of the same order of magnitude as those seen in the films.
It is possible that noncondensing gas also forms when molten stainless steel
is flooded in the arc melter. The cushioning action of the gas may explain
the inability to trigger explosions in both the arc melting and the single
drop experiments.

Combustion Experiments. Drops of molten zirconia were prepared by the
combustion technique, starting with preweighed cubes of zirconium metal.
The composition of the drop after a 2 m fall was determined to be (O/Zr) =
0.9 by the increase in weight of the sample during its combustion in oxygen.
The weighing was done on samples quenched by placing a dewar vessel
of liquid argon at the normal water level (see Figure 4). If the drop falls
into water and cools to ambient temperature without bridgewire stimulation,
the spherule composition is (O/Zr) = 1.7, indicating that oxidation continues
significantly after the drop enters the water.

The burning drops were inserted into the water at temperatures above
3000 K, determined by high speed photography with calibrated emulsions. It
was observed that upon entering the water, the,oxide drops were immediately
enclosed in bubbles of noncondensable gas, similar to those seen in the molten
iron-water interactions. The films also showed some combustion-type activity
inititally, namely, smoke formation inside the bubbles and prolonged luminosity.
Later in the interaction the combustion-type activity tapered off, and the
bubble diameters decreased.

If the bridgewire was fired very soon after the drop entered the water
(<15 ms), explosions did not occur. However, if the bridgewire was fired more
than 15 ms after the drop entered the water, mild explosions with peak
pressures on the order of 0.5 MPa could be induced.

It is likely that the noncondensing gas that surrounds the burning drop
is a mixture of hydrogen produced by the substoichiometric oxide-steam
reaction and the hydrogen and oxygen produced by the thermal dissociation
of water at temperatures >3000 K. It is also likely that the cushioning
effect of the gas in the bubbles prevents the explosions immediately after
the drops enter the water; later on, when the bubbles decrease in diameter,
as temperature, thermal dissociation and oxide—water reaction decrease, the
cushioning effect diminishes and explosions can be initiated.

The debris from the molten zirconia explosion was spheroidal and similar
to the molten iron oxide debris particles shown in Figure 6. Particle sizes
were somewhat larger than the iron oxide particles, however.

Enthalpy-to-Work Conversions. By measuring the volume of the bubble
generated during the steam explosion with molten iron oxide, it: was possible
to estimate the conversion of melt enthalpy to physical work by use of under-
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water explosion theory. Here, pressure-volume work was estimated frojn
local atmospheric pressure and the maximum bubble diameters (see, e.g.,
Figure L"a). Preliminary estimates indicate conversions on the order of 8%
with uncertainties of ±4% depending on the assumptions used in the
calculation.

DISCUSSION

Steam explosion phenomena relevant to LWR core meltdown accidents
can be studied quantitatively and without serious hazard by examining the
interactions between liquid water and single drops of molten refractory
materials chosen to simulate actual core melt products. It has been shown
here that the single drop experiments can provide excellent control of most
important variables involved in steam explosions. The experiments also
provide detailed information on both the pressure transients generated
by a single drop and the nature of the debris breakup during interaction.

It seems possible to treat the data in a theoretically tractable
manner for extension to larger systems by proper modeling. Because only
a finite number of debris particles is produced in a single drop explosion,
it may be possible to model the heat transfer on a particle by particle
basis. It should also be possible to analyze gases in these relatively
small explosions in order to determine the role placed by noncondensable
gases in mitigation of steam explosion dangers.
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ABSTRACT

'beginning with the assumption that a hypothet-
ical steam-explosion occurs in the pressure
vessel of a pressurized water reactor, the
structural consequences are investigated. A
simplified model of an individual installation
is used for the investigation. Finite element
and finite difference analyses of water-head
impact conditions are described. Analysis of
the possibility of ejection of a control rod
drive assembly as a missile is investigated.
Conclusions indicate that the only containment
threatening consequence is the possible but
unlikely generation and flight of such a missile
and that large, i.e, whole head sized missiles,
appear precluded.

Steam explosions, alias vapor explosions, alias thermal explosions,
alias physical explosions, occur when a hot liquid comes into contact with
a more volatile cold liquid producing rapid vaporization of the cold
liquid due to heat transfer from the hot liquid. If the vaporization
is sufficiently rapid, high pressures are generated capable of producing
destructive mechanical work.

Corradini* has discussed the factors governing the development of
a steam explosion in a light water reactor (LWR) following ahyoothetical
core meltdown. This paper builds on his discussion to explore the structural
responses to this steam explosion, in an attempt to assess whether such an
event poses a threat to containment. His results are used as input loads
in the structural analysis.

Because of the wide diversity in structural details of LWR vessels,
no categorical statement is possible about their structural reponse to
a hypothesized steam explosion. By its nature, structural response is
design dependent and most often is controlled by details* It is possible,
of course, to generically discuss some effects, but for 3 dependable
result one must consider a specific design.
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Tn this paper, discussion will center on one design* The example
chosen was the pressure vessel (PV) at the Zion Power Plant (Commonwealth
Edison Co.) • Since more detailed drawings were n o t available, the drawings
in the FSAR for the plant were used. The retiults are then toth specific
and general: specific in the sense that application to other designs is
limited, and general in the sense that they are not based on blueprints
and that the analyses used simplified cross sections which are close to
those of the prototype but lack many of the details and in that analysis
dimensions were based on scaled FSAR drawings.

Figure 1 illustrates the basic time regimes important in the structural
response analysis. The time shown is that after the steam explosion initiates.
Since basic rise times on the order of 50 to 350 seconds and total event
durations of 5 to 10 milliseconds are typical of steam explosions, the
first region is precisely defined only for an individual event. Indeed,
the presence of a shock wave in the normal sense of an explosive event
is not indicated since the wave front is on the order of 5 to 500 cm
in thickness in water, and of 25 cm to over a meter in steel.

Two possible failure modes are conceivable in the first time regime,
but neither is missile producing and hence were of secondary interest.
One is the stress wave propagating through the water surrounding the explosion
to the vessel walls and then up the walls toward the flange area. A generic
analysis indicates that the potential failure mechanism in this process
(a spalling type tensile failure at a reflection point) is precluded by
the slowness of the steam explosion event. Thus, no potential containment
breaching mechanism can be found In this part of the time domain.

REGIME Of y//. REGIME Of
STRESS WAVES < / / > OCYZLOHNC

LOCAL FAJLUrtS
INMOTOM

,0-1

Figure 1. Time Regimes of Responses

The second is the caSa of a perforation of the bottom of the vessel
as the direct effect of an adjacent steam explosion. This possibility is
design and event specific. Therefore, no general case is thought to be
representative, but it is also clear that this mechanism can never produce
missiles which might breach containment because any missile would be directed
downward into the reactor cavity.
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The second region in figure 1 is that during which the results of the
steam explosion are transferred to the upper head area, tfuch analysis could
be done in this region, identifying the various processes for dissipating
the energy of or channelling the flow of that water which is thrown by the
steam explosion. An extremely large set of different conditions may be
conceived involving such variables as: the quantity of core remaining
intact, the strength of the remaining core and support structure, the
amount of unrestricted flow area remaining, the quantity of the remaining
core and structure which carries away with the flowof water, the development
of jets by flow restrictors, and other similar conditions.

Since many of these variables are determined by random rather than
deterministic processes it is obviously an impossible task to quantify
them all, let alone examine all the combinations of them, some simple
conservative conditions were chosen for analysis. These are conservative
in the sense that they were chosen to provide solutions which represented
the greatest threats to containment. Figure 2 gives an extremely simplified
schematic representation of the PV before and after core meltdown. The
basic assumptions of this analysis are evident from the figure. The
assumption is made that the energy of the postulated steam explosion
is available in the form of the kinetic energy of a "slug" of water.
The watar in the area above the explosion is assumed to move as a voidless
mass or slug. This slug is then allowed to impact the upper internal
structure for one analysis case and the vessel head for three other
analysis cases. An intermediate case considering the dissipative effects
of the upper internal structure is identified and will be analyzed in
the future. Representative calculations are performed for a slug energy
of 300 MJ, which corresponds to 10% of the molten core participating
in a 2% efficient explosion.

CORE

WATER
WATER-^j

MOLTEN CORE -

Figure 2a. Status of PV Prior to
Core Meltdown

Figure 2b. Status of PV at Initiation
of Steam Explosion
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Figure 3. Finite Element Model of Reactor
Vessel

The first three cases consider that the water arrives at the vessel
head having encountered nc obstructions and that it forms a voidless
slug with the volume determined by the mass chosen. For computational
convenience the shape of the slug conforms to the shape of the head.
Two combinations of slug mass and velocity were used, based on considerations
discussed by Corradini. A "large" slug and a "small" slug were used
at appropriate velocities to represent the same kinetic energy of 300
MJ. Figure 3 illustrates the finite element model used in the HONDO^
code for both water slug conf iguatlons. The flange bolts are represented
by a two element thick ring. Figure 4a illustrates the model using the
small water slug; Figure 5a, the large water slug. The material model
for the pressure vessel is a bilinear elastic-plastic material with kine-
matic strain hardening, which represents ASTM SA533 steel with ultimate
tensile strength « 552 MPa (80 Ksi), yield strength = 344 MPA (50 Ksi),
maximum elongation (assumed at ultimate) * 18%, and Young*s modulus -
2.07*105 MPa (30'106 psi). The initial conditions are given on the figure
in each case and apply to the entire mass of water.
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Figure 4b. Small Water Slug at 3.85 m/s
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Figure 5b. Configuration of Large
Water Slug at 8 m/s

Figures 4b and 5b illustrate the deformed condition at 3.85 ras and
8.00 ms, respectively. These times represent the times of maximum stress
to the head; the water slug maybe seen to be in a rebounding condition,
i.e., moving away from the head in each case. A close examination or
overlay will confirm that the deformations at the top of the VV are
greatest. Thus failure will occur there rather than at the flange bolts
or elsewhere. This result is representative of any readily conceivable
loading system, even an eccentric one, in that some local stress in
the dome area will always be the highest, and when that local stress
reaches the ultimate strength of the material a local failure may be
expected. This is accentuated by the presence of stress risers such as
the control rod penetrations. This local failure is not a missile generating
failure, but a crack which emits a jet or a plane sheet of water. The
impact of this sheet on the containment vessel appears to pose no threat
to the containment.

The basic question which was raised at the beginning of this project
was whether the PV head could be converted into a missile. These results,
then, indicate that such a large missile, like a T>V head, cannot be
generated by this event. Failure of the head will always occur in a
local manner before the load on the flanges or bolts becomes large enough
to cause failure. This conclusion is not expected to be changed based
on planned further analyses which will include dissipative effects and
variations of the loading conditions.

Another case considers a water jet or narrow, high velocity slug im-
pacting the vessel head. This is based on a hypothesis of the slugs being
forced through a narrow opening in the remaining undisrupted internal
structure with the full kinetic energy of the entire slug.
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Figure 6. Original Configuration of Water
Jet Problem

The computer model for the water jet problem is shown in Figure 6
with a vertical column of water 10 cm in diameter and 3*2 m long. The
water jet problem is analyzed using the CSQ II code (3) for two different
impact velocities of the water column. The lower velocity of 0.5 km/s
is based on the physical restrictions found by equating kinetic energy
and strain energy of the water. The higher velocity of 1.11 km/s corresponds
to the sonic velocity in the water column which approximates a choked
flow condition. Closeups of the two final configurations (Figures 7 and 8)
of fast and slow jet Impacts at the time of maximum vessel stress indicate
that no penetration of the steel shell has occurred.
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The final analysis done in this series considers whether a control rod
assembly might be ejected. Again the full kinetic energy Is attributed
to the slug and uniformly distributed to each of the 53 control rod assem-
blies. In this case an energy of 400 MJ was used, providing further
conservatism since it represents an approximate upper bound to possible
missile generation as discussed below.

In order to estimate the force on the control rod assembly, an initial
sawtooth force time history is postulated with pulse length tf. The change
in momentum is equated to the impulse, and the peak load is obtained.

A crude estimate for the factor tf is the time required for a particle
to travel the length of the slug at v - vQ. This results in a very
long time of 50 ms. Shorter times will result In higher peak loads.
While that may seem unconservative, It is not, since this assumption
results in a peak load of about 6 MN which is essentially equal to
the highest estimated Euler buckling load of 6.6 MN. Any higher peak
loads should cause buckling and result in no missile generated. Actually,
the estimated Euler load Is itself conservatively high, leading to the
conclusion that it is difficult to conceive of a loading condition of
this type which does not buckle the control rod mechanism.

Nevertheless, assuming that no buckling occurs and that ejection
is possible, we can examine the effects of such a missile. By evaluating
the strain energy required to break the control rod assembly loose, it
is seen to be insignificant relative to the kinetic energy available.
This permits the assignment of the full proportion of the kinetic energy,
7.0 MJ, to the assembly and results in a missile velocity of 275 m/sec
which is also conservative in the sense that no account was taken of
pre-fracture plastic deformation.

Considering the effects of such a missile requires two separate
impact calculations, since a missile shield, installed to protect against
control rod assemblies ejected from a design basis accident, is expected
to intercept the missile prior to its reaching the containment wall.
For the case of a reinforced concrete shield 0.889 meters thick lined
with 2.54 cm thick steel on the bottom side, as in the Zion plant, and
using the various empirical penetration formulae extant in the litera-
ture » ' for estimation it appears that the missile shield is penetrated
with enough energy (4 MJ to 6 MJ) remaining in the missile to then penetrate
a reinforced concrete containment of 1.37 meters thick, lined with 1.2 cm
thick steel. Both these equations and the necessary techniques for applying
them are known to be conservative in this regime of velocity since the
equations for steel and concrete must be used separately. A 300 MJ calcu-
lation indicates marginal perforation by this technique. Also it must
be realized that there are many ways to approach this part of the problem
and vastly different results are achieved in these different ways. Ex-
perimental results for steel lined concrete in the velocity regime of
interest are sorely needed. Another approach using different ejection
assumptions and the CSQ II code has yielded a "no penetration" result
due primarily to missile breakup. Obviously a conclusive result has not
yet been reached.
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It is apparent from this preliminary investigation that more work
needs to be done in formulating the real problem(s) so that the analyses
can be conducted in more detail. The rough nature of these calculations
precludes drawing definite conclusions but indicates areas which should
be investigated in more detail. The basic conclusion at this time must
be that if missiles are generated by a steam explosion event, they will
be small, i.e., control rod assembly size rather than PV head sized;
but were such missiles to be generated, as unlikely as that seems, a
threat to containment is not precluded.
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PHENOMENOLOGICAL MODELLING OF STEAM EXPLOSIONS
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ABSTRACT

During a hypothetical core meltdown accident, an important safety issue to
be addressed is the potential for steam explosions. This paper presents analysis
and modelling of experimental results.

There are four observations that can be drawn from the analysis: (1) Vapor
explosions are suppressed by noncondensible gases generated by fuel oxidation,
by high ambient pressure, and by high water temperatures; (2) These effects appear
to be trigger-related in that an explosion can again be induced in some cases by
increasing the trigger magnitude; (3) Direct fuel liquid-coolant liquid contact
can explain small scale fuel fragmentation; (4) Heat transfer during the expansion
phase of the explosion can reduce the work potential.

In this paper we also present a transient wave propagation formulation which
incorporates models for all of these observed effects.

1. Introduction

The purpose of the steam explosion phenomena program at Sandia National
Laboratories is twofold: (1) To experimentally identify the fuel-coolant mixing
requirements, trigger energy, and other initial conditions which are necessary to
trigger and propagate explosive interactions between water and molten light water
reactor (LWR) materials; (2) To develop criteria to assess the consequences and
the probability of steam explosions during a hypothetical core meltdown accident
in an LWR.

In 1975 the Reactor Safety Study (WASH-1400)^ identified the steam explosion
as one of the many physical processes that could cause containment failure during
a hypothetical core meltdown. The probability assigned to this event, .01, had large
uncertainty bands of more than an order of magnitude. Subsequent research has at-
tempted to reduce the uncertainty. Buxton concluded that during meltdown the proba-
bility of molten core contact with a significant water mass (10-35 Mg) is nearly
o n e . ^ Also, experiments at small and intermediate scale^3~' and subsequent
analysis^ ' ̂  have indicated that a. steam explosion event with fuel fragmentation
smaller than 4000 ym is quite likely under a variety of initial conditions. In
this paper we present the results of analysis and phenomenological modelling that
may explain these experimental observations.

A steam explosion can be viewed as consisting of four phases of energy transfer
between the fuel and coolant:

a) Coarse Intermixing. The molten fuel and liquid coolant are mixed and
the heat transfer mode is quiescent; e.g., film boiling.

b) Trigger. The fuel and coolant are somehow brought into liquid-liquid
contact and rapid heat transfer begins.

c) Propagation. The heat transfer process rapidly escalates as more of
the fuel is fragmented and as more high-pressure coolant vapor is generated.

d) Expansion. The high-pressure vapor expands against the surroundings
causing destructive mechanical work.
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In this paper we briefly outline the models used to investigate each of these
four phases. More detailed descriptions of the analyses can be found in Refs.
[7, 8]. In addition, we describe in some detail a newly developed transient
propagation model. This model is unique because its general formulation allows
the incorporation of a number of detailed fuel-coolant heat transfer and
fragmentation mechanisms.

2. Overview of the Phenomenological Modelling

2.1 Fuel-Coolant Mixing

The initial configuration of the fuel and coolant prior to the explosive inter-
action is a significant factor in determining the mechanical work. The degree of
coarse mixing, characterized by the fuel drop diameter and the local fuel-coolant
mass ratio, is dependent upon experimental technique or the accident scenario. A
past analysis^ ^ suggests that film boiling significantly enhances mixing. This
condition is easily satisfied for LWR materials; however, no quantitative theory
has been proposed.

Recently, experiments by Mitchell,'- ' which use molten iron-aluminum oxide and
water have significantly aided in quantifying this mixing process at intermediate
scales. These experiments consisted of dropping fuel (=5 kg) into coolant
(= 200 kg). The fuel free fall velocity upon entering the water was about "> m/s,
and the associated Weber number was small in comparison to the critical value
(We -. B 20). The fuel fragmented in the water to about 10-20 mm diameter drops
in ~ 100 ms, before reaching the bottom of the water tank (depth - .5-.7 m). The
fuel mixed with the water and dispersed through 50 percent of the tank volume.

The main mechanism for this mixing is believed to be the boiling process.
Hydrodynamic fragmentation alone cannot account for this rapid dispersal. The
characteristic time for the fuel to fragment due to hydrodynamic forces is given
by the relation'- ̂

5r,. / p..
(1)

where P H and Pc are the fuel and coolant liquid densities, r^ is the fuel
radius, and U •, is the relative velocity. For this case T is approximately
400 msec. This time is too long compared to the observed time of 100 msec for
total dispersal.

Application of these empirical observations to the full scale meltdown accident
is quite difficult at this time. There are a number of factors that must be con-
sidered. First, the scale of the experiments is a factor of 1000 or more smaller
than that of a reactor. Much larger fuel masses may inhibit mixing. Another factor
which may inhibit mixing at full scale is solidification of the melt. Present,
experiments use melt superheats of ~ 300 K which may not be prototypical. Finally,
the meltdown progression in the reactor vessel and how it affects the fuel-coolant
contact is not well known.

2.2 Steam Explosion Triggering

In the small scale experiments'- ' ' which used reactor materials, the steam
explosion was triggered by a pressure transient generated by either an exploding
bridgewire or a mini-detonator in the water surrounding the fuel. Three initial
conditions were altered during the experiments which caused the explosion to be
suppressed: (1) the molten fuel composition was made more metallic; (2) the water
subcooling was decreased to less than 24°C; (3) the ambient pressure was increased
above .5 MPa. In all these tests the trigger energy was held constant (i.e..



-244-

exploding bridgewire, P = 1. MPa). Past theories^ ' ^ have been used to
explain these results. Also, other experimental investigators^ ~ ' have noted
the same effect of ambient pressure on the explosion.

The physical mechanism causing this suppression appears to be identified with
stabilizing the film. For example, the more metallic molten fuel quickly oxidizes
in the steam film and generates a noncondens ible gas (H2) *• ' ' which prevents
film collapse. Increasing the ambient pressure increases the vapor film density,
and thus the film behaves as a more effective 'spring' to resist film collapse.

This implies that an explosion can again be induced if the trigger energy is
increased sufficiently to again cause film collapse. This hypothesis has been
verified for the coolant temperature effect by recent experiments of Nelson
where a 10 MPa trigger pulse induced an explosion in water 14°C below saturation.

A model was developed to investigate film collapse behavior under varying
initial conditions. ̂  ' ' The model depicts a spherical molten fuel droplet
immersed in a large volume of coolant (Figure 1). The model is similar in con-
cept to that used by Kazimi'- * although the governing equations are different.
In formulating this model, the following major assumptions were made:

(1) The fuel-coolant system is spherically symmetric.
(2) The fuel and coolant liquids are incompressible with constant

properties and the vapor and other gases (if any) are ideal gases.
(3) All vapor is either retained in the film around the drop or condenses

at the coolant interface.
The governing equations are described in References 7 and 18. The model in

Reference (7) assumes local equilibrium at the vapor-liquid interface (i.e.,
P = P .(T_)), while the nonequi1ibrium model ^ considers the temperature of
the vapor and the liquid near the interface to be different.

Application of a pressure pulse causes the vapor-liquid interface to be ac-
celerated inward as the vapor condenses. As the film collapses, the film pressure
rises. The predicted film collapse behavior is somewhat different for these models.
For the equilxbrium model the film does not collapse symmetrically but reaches a
minimum thickness with a large film pressure rise. This can induce asymmetric col-
lapse due to fluid instabilities. For the nonequi1ibrium model symmetric collapse
can occur. In both models, film collapse is inhibited if the ambient pressure is
increased, coolant temperature is increased or a noncondensible gas is introduced
in the film.

The effect of introducing a noncondensible gas into the film is illustrated in
Figure 2. By using the equilibrium model, we compare the film collapse behavior
around an iron-oxide and an iron droplet for a fixed trigger energy. The initial
conditions are characteristic of Nelson's single drop experiments. *• ̂  The non-
condensible gas acts to slow the interface collapse because the film thickness is
large. When the trigger energy is increased (Figure 3), the minimum-approach
thickness is much smaller although collapse does not occur. If the trigger energy
is increased further collapse does occur.

The same trends in the film collapse behavior are seen if the ambient pressure or
coolant temperature is increased. It appears that the suppression of the explosion
under certain initial conditions is a function of the trigger magnitude. Therefore,
given a large enough trigger, the film collapse and the subsequent vapor explosion
can be induced-

2.3 Propagation Phase

Cr*c3 the trigger induces filra collapse the rapid heat transfer process begins.
This induces a local pressure increase, and a collapse of nearby vapor films* The
resulting effect propagates through the mixture. In the past there has been
extensive research work involved in this phase of the explosion; t19~25J however,
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at present relatively little is known about either how the explosion propagates or
the mechanisms for fuel fragmentation and fuel-coolant heat transfer. Additional
experiments and analysis are now being performed to study the propagation phase.

Nelson^'^ has observed in single droplet experiments (fuel mass = .1-1 gm)
using FeO and water that fine fuel fragmentation (D, £ 50 urn) triggered by a
bridgewire occurs in less than 200 usec. For the LWR accident environment, one
important characteristic is that the molten fuel temperature is quite high
(TH = 2000-3000K), while the coolant temperature is low (Tc = 400-500K). Thus if
the fuel and coolant are forced into liquid-liquid contact by the trigger pres-
sure pulse, the local pressure could rise quite high as the coolant vaporizes and
fragments the fuel. This concept of fragmentation was originally advanced by
Bankoff. *• ' Based upon it a simple mathematical model of fuel fragmentation was
developed and applied to nelson's small scale tests. This local pressurization
model is based en the idea that establishing liquid-liquid contact at the termina-
tion of film collapse can generate a high pressure vapor which upon expanding
fragments the fuel due to Taylor instabilities. The volumetric rate of
fragmentation, VH, is given by

where A is the projected area A -t is the fuel critical Taylor wavelength, and
the expected fuel fragment size.

= 2TT / 2 (3}
crit .J aH(pH - pv)

AP
a = c o n (4)
H 2

where a is the surface tension, a u is the acceleration and AP is the
n con

vapor pressure on contact. Once the fuel is fragmented it is assumed that it
rapidly mixes with the local liquid coolant and thermally equilibrates. This
assumption is approximately valid because the conduction heat transfer rate upon
sudden fuel-coolant contact is quite high. This heat transfer generates high
pressure coolant vapor which expands and forces the fuel droplet into subsequent
fuel-coolant contacts, thereby causing more fuel fragmentation and vapor genera-
tion. This process continues until the fuel is fully fragmented and vapor begins to
expand. Prediction of Nelson's test results is shown in Figure 4 for the coolant
vapor expansion during and after the interaction. The model predicts a total fuel
fragmentation time of about 10 0 usec with the fragment diameters in the range of
10-25 jjm. These results show good agreement with the data, and suggest that
fragmentation induced by liquid-liquid contact is a possible mechanism in single
droplet experiments with LWR materials.

Recent experiments by Mitchell^ using Fe-Al2O3 and water have indicated
that the rapid fuel fragmentation and heat transfer can also occur at a much larger
scale (fuel mass = 5 kg). Mitchell observed a rapidly propagating explosion through
a coarsely mixed fuel-coolant system. Large peak pressures were generated (> 15
MPa) and a shock front propagating at 300-500 m/s was observed. Behind this front
fuel appeared to be rapidly fragmented. To model this behavior we have developed
a transient one-dimensional macroscopic propagation model. This model is presented
in detail in Section 3.
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2.4 Expansion Phase

The expansion phase is associated with serious mechanical damage, i.e., con-
tainment failure. Some preliminary analysis has been done'' * to address this
area. We will only discuss the expansion of the fuel-coolant mixture in this
paper while the fluid-structure response is discussed in a separate work.^ ^
Past efforts in this area have entirely focused upon the Liquid Metal Fast
Breeder Reactor (LMFBR) and the structural response of the LMFBR to a fluid expan-
sion caused by a vapor explosion or other processes.

In the reactor vessel the expansion of high pressure vapor can accelerate a
liquid slug causing reactor vessel head impact and subsequent missile generation.
The initial mass of coolant involved in the interaction, its thenriodynamic state,
and the subsequent heat transfer during the expansion will determine how much work
is derived from the explosion. At present small scale experiments^ ' ^ indicate a
conversion ratio of the fuel thermal energy to mechanical work of approximately 3-15
percent, while intermediate scale tests ' have produced explosions with a con-
version ratio in the range of 0-2 percent. In a hypothetical meltdown scenario,
the manner in which fuel and coolant mix prior to an interaction again plays a
significant role in determining the work output. If the fuel is dispersed in a
large volume of coolant (mH/m << 1), more cold liquid can become entrained in the
vapor during expansion. Since cooling can occur with both initially mixed water
and with entrained water, condensation and pressure reduction can occur. In con-
trast, if the fuel is dispersed in a small mass of coolant (m.,/m >> 1), heat
transfer can only occur with the entrained coolant. In either case the conversion
ratio might be reduced due to heat transfer. In addition, the geometry within the
reactor vessel after the meltdown can affect mixing and the expansion work; although
the quantitative effect is not well known.

A preliminary analysis examining this heat transfer effect is briefly presented.
The coolant liquid entrainment rate is based upon a Taylor instability model. The
governing equations and detailed results can be found in Reference 27. Parametric
calculations were done for the expansion in full scale assuming no core structure
or upper internal structure is present after the meltdown. In the analysis the hot
coolant vapor in the fuel-coolant interaction zone accelerates a voidless coolant
slug and entrains coolant liquid. This liquid reduces the vapor pressure and the
slug kinetic energy. The calculations consider that 1-20 percent of the molten
core comes to thermodynamic equilibrium with an equal mass of coolant (niu/m = 1)
after the explosion propagation. This mass ratio assumption is reasonable because
it represents the midrange value of mjj/mc, which is still a major unknown at this
time. It thus accounts for heat transfer with both the coolant that is initial ly
mixed with the fuel and that coolant entrained from the surroundings during the
expansion. Some results are shown in Figure 5 and compared to an isentropic expan-
sion. One can see that the percentage reduction in slug kinetic energy is strongly
dependent on the mass of coolant, m , participating in the explosion; for
m = 1000 kg the slug kinetic energy is reduced by a factor of five while for
m = 4000 kg the reduction is a factor of two. This result corresponds to a fuel
thermal energy to mechanical work conversion ratio of 1-2 percent.

3.0 A Transient-Propagation-Phase Model

Physically the propagation phase of the vapor explosion is composed of a series
of vapor-film collapses. Each film collapse causes the enclosed drop to fragment
and release thermal energy through accelerated vaporization of the surrounding coolant.
This increase in vapor production results in elevated pressures which stimulate an
even more rapid collapse cf the neighboring vapor films.

The analogy of a string of dominoes is appropriate to this problem. The system
is stable as long as one of the dominoes is not pushed into its neighbor; however,
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if one of them is pushed, the chain reaction begins and propagates as if each
succeeding domino was larger than the last*

A mixture theory must be used to accurately model this problem. The* theory
must include three materials; the fuel, droplets, the vapor films surrounding each
droplet, and the liquid coolant in which the droplets cire immersed. Furthermore,
from the physical description of the film-collapse process, we see that the local
description of the vapor-film geometry is of major importance.

Mixture theories which include the effects of local geometry such as the vapor-
film collapse are called structured mixture theories. The theory used to obtain
the calculations in this work is derived in References (31-32). It has been
previously applied to study the behavior of bubbly liquids. ~

The bubbly-liquid and the vapor-explosion problem are similar in that each
exhibits a cavitation behavior as the individual bubbles or vapor films expand or
collapse. In each case, a mixture theory is required in which the gas or vapor
constituent has a pressure which differs from the surrounding liquid. This pres-
sure difference drives the collapse of the vapor film. It is a dynamic phenomenon
which should not be confused with static pressure differences created by surface
tension effects. Surface tension effects produce pressure differences which are
negligible in this problem.

In the present work this pressure difference is coupled to the motion of the
vapor film-coolant interface by means of a Rayleigh cavitation equation. ' * A
precise derivation of the cavitation relation appropriate to this problem is
included in Reference (18). The necessity of including this equation precludes the
use of conventional two-phase flow theories since these formulations are derived
with the assumption that the vapor and liquid constituents are at equal pressures.

For the purpose of achieving a tractable problem, the formulation was restricted
to situations in which the drops, vapor-films, and coolant experienced identical
translations. Also, at any given point in the mixture, a single droplet radius and
vapor film radius were used to describe the mixture. These assumptions result in
mass and momentum conservation laws which are similar to their conventional single-
material counterparts. The material response descriptions and the mass and energy
exchange relationships have been left general so as to allow to inclusion of all
of the possible mechanisms for fragmentation described previously.

3.1 Numerical Technique

Provided we are willing to sacrifice some computational efficiency, existing
wave propagation codes designed to solve conventional continuum relations can be
modified to solve the equations described in the previous section. This is a
feasible approach since the mass equation and the momentum equation retain the
conventional forms for single-material mechanics problems.

We have chosen to modify the one-dimensional Lagrangian wave propagation code,
WONDY IV.t36^ The explicit, finite-difference scheme used in WONDY IV is structured
so that as a particular mesh point is advanced in time, the new position is first
computed from known values of the pressure and the mixture momentum balance, and
then the new density is computed from the balance of mixture mass. To complete
the cycle of computations, the equation-of-state subroutine is then called in
which a new value of pressure and internal energy is computed by simultaneously
solving the constitutive equation for pressure and the energy balance equation.

This format is useful for our problem since the mixture mass and momentum
equations are already built into the code. The remaining field equations in the
mixture formulation are local statements; that is, they do not contain spatial
gradients, and can be solved in the equation-of-state subroutine*

The new equation-of-state subroutine is constructed in the following manner:
first, the old and new values of density, p, are linearly interpolated to give a
continuous value of P across the time steps then the energy equations along with
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the vapor-film collapse relations are viewed as a sat of ordinary differential
equations in time; finally, these equations are integrated from the old value of
time across the time step to the new value of time by means of a Runge-Kutta
technique. This provides the new value of mixture internal energy and the new
value of mixture pressure which is required to continue the computation.

This computational scheme has proven useful in a variety of similar problems
wherein complex differential relations are integrated in the equation-of-state
subroutine.^ -̂  In particular, accurate modelling of experimental data for
pressure waves propagating in bubbly liquids has been achieved. In general we
have found that the Runge-Kutta integration scheme can be replaced by more ac-
curate methods without altering the results. Also, because of the rate-dependent
nature of the film collapse relations, the usual artificial viscosity terms found
in this type of wave code can be eliminated.

3.2 Sample Results

Figure 6 contains two wave profiles at 0.14 ms and 0.26 ms after initiation
of the trigger pulse. The trigger pulse which occurs on the right boundary is a
square wave input 10 MPa in amplitude and 10 ys in duration; however, trigger
pulses as low as 1 MPa result in an explosion in this example. The mixture is
modelled after Michells experiments ' and contains 20 percent by volume of 10-mm
diameter molten fuel drops with 0.2-mm thick vapor films. Both the pressure within
the vapor film and within the surrounding coolant are plotted. At tha head of the
left-traveling wave is a pressure spike which is a result of film collapse and
coolant impact on the fuel drops. In this calculation fragmentation by cavitation
converts 10 percent of the impact energy into new fuel-coolant surface area by
using a surface tension coefficient of 0.4 N/m. The resulting vaporization of the
coolant after impact is evidenced by a buildup of pressure behind the pressure spike.
This broad region of elevated pressure in turn initiates the final expansion phase
of the vapor explosion.

Conclusions

The quantitative nature of fuel-coolant mixing is unknown; however, observa-
tions indicate boiling processes can cause fuel breakup to 10-20 mm droplet
diameters in about 0.1 s. In systems where this mixing occurs the effects of
ambient pressure increase, coolant temperature increase, and fuel composition tend
to suppress the initiation of an explosion; the phrase "tend to suppress" is
important since elevated trigger pressures can override these effects and again
induce an explosion.

While the final stages of film collapse and coolant-fuel impact are not totally
understood, several promising mechanisms have been described. The net effect of
these mechanisms is to mechanically fragment the fuel drop by allowing the vapor
film to collapse. Upon collapse, the surrounding coolant converges and impacts
the fuel drop. The increased evaporation after impact then re-establishes new
vapor films and elevates the system pressure. This in turn accelerates the film
collapse around the neighboring unfragmented fuel drops.

With the one-dimensional transient wave propagation model presented in
Section 3, we have shown how this fragmentation process can easily build in
efficiency with propagation distance.

Finally, we have shown that the release of mechanical work during the expansion
phase of the explosion can be reduced by the effects of coolant liquid heat transfer
during the expansion.
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Nomenclature Subscripts

D - diameter (R = D/2) c - coolant
M , - mass of liquid slug H - fuel
p - pressure °° - ambient
T - temperature I - interface
x - quality o - initial value
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APPLICATION OF NOISE ANALYSIS TO SAFETY-RELATED
ASSESSMENTS AND REACTOR DIAGNOSTICS

R. C. Kryter and D. N. Fry

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

ABSTRACT

Noise analysis methods were used to assess anomalous
in-core temperature fluctuations at the Fort St. Vrain
gas-cooled reactor and postaccident reactor conditions at
Three Mile Island, Unit 2. In addition to these applications
of noise analysis, we continued to develop the underlying
technology, our principal activity areas being (1) analytical
methods for predicting noise signatures under postulated
anomalous conditions, (2) techniques for on-line monitoring
of boiling water reactor stability, (3) new methods for
locating and characterizing loose or drifting metallic
objects in reactor coolant systems, and (4) acquisition of
baseline noise signatures for commercial pressurized water
reactors. We also demonstrated, through temporary installa-
tion at a research reactor, the capability of an automated,
on-line surveillance system to provide early indication of
anomalous plant conditions or approaching component or
sensor failures.

INTRODUCTION

Noise analysis methods have been studied, developed, and success-
fully applied to a wide variety of reactor measurement and diagnostic
problems by Oak Ridge National Laboratory (ORNL) Instrumentation and Controls
Division technical staff and their consultants over a period of more than
15 years. Since long-range development and demonstration programs directed
toward the advancement of the state of the art in instrumentation and
diagnostic systems are customarily not the province of reactor manufacturers
and electrical utilities, we believe that continuing programs at the national
laboratories constitute an effective means of ensuring that up-to-date data
and techniques will be available when required to satisfy future regulatory
needs related to safety, reliability, and plant operating efficiency.

The body of this paper highlights seven major subject areas in which
we have ongoing research programs or consultative participation. The
referenced publications provide additional details.
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FORT St. VRA1N (FSV)

We recently used noise analysis methods to aid the U.S. Nuclear
Regulatory Commission (NRC) in determining the nature of in-core temperature
fluctuations at the Fort St. Vrain gas-cooled reactor. All available data
indicated that small movements of the columnar stacks of graphite cors
blocks (essentially unrestrained at their upper ends) altered the size and
position of gaps between the stacks, thereby redistributing the flow of
helium coolant and creating the unanticipated temperature fluctuations
observed. By comparing properly phased ex-core neutron noise signals and
reactor vessel displacement probe signals on a common time base, we were
able to infer the predominant direction of these movements. Noise techniques
were also used to confirm that the movements of individual stacks were more
or less random in nature (i.e., that the core did not move as an aggregate
body) and that such movements did not result in significant total core
reactivity changes.

Oscillation-inhibiting core restraint devices were installed at the
upper ends of the graphite columns in November 1979, but their effective-
ness remains untested since FSV has not resumed power operation as of this
writing.

THREE MILE ISLAND (TMI-2)

ORNL personnel and their consultants from Science Applications, Inc.,
and Technology for Energy Corp. used noise analysis methodologies1 at
TMI-2 to provide: (1) assessment of the size of a bubble of noncondensible
gas in the primary system and assessment of the structural integrity of the
reactor vessel internals by using the plant's loose-parts monitoring system;
(2) monitoring for incipient failure of critical postaccident instrumentation
(especially the pressurizer level indicators) and for bulk coolant boiling
in the reactor core; and (3) confirmation of degasification of the primary
system prior to the establishment of natural circulation cooling. Since
the first two items are treated in other papers2'3 presented at this topical
meeting, attention is restricted here to primary system degasification.

A large amount of hydrogen gas was produced in the TMI primary circuit
as a result of the Zircaloy-steam reaction that accompanied core dryout,
and much of it was subsequently absorbed by the primary coolant water. The
presence of this dissolved gas, which would be released from solution if
primary system pressure were lowered, was viewed as a threat to the achieve-
ment of safe shutdown, since coalescence of a quantity of gas in some portions
of the system might either reexpose the already damaged core or terminate
convective circulation cooling processes. To remove the unwanted gas,
operations personnel planned to first lower the system pressure slightly,
thereby bringing some gas out of solution, collect this gas in the
pressurizer tank, and finally vent the primary circuit to containment,
thereby permitting the released gas to escape. This system degasification
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required careful control, but there was no plant instrumentation to indicate
directly the amount of gas remaining in solution. However, during a trial
depressurization/venting exercise it was observed from a strip chart
recorder that the noise on the primary pressure signal decreased abruptly
as soon as the reduction in pressure took place and then consistently
increased again during the venting phase. We postulated that these
observations were explainable by gas first leaving solution (thereby
producing a "soft" or "spongy" system); then, as venting proceeded, the
system would be relieved of gas and would return to its former "hard" state
and the pressure noise would consequently reappear. This reasoning,
confirmed by additional tests, led to the use of pressure noise monitoring
as an aid to the TMI operators for determining residual system gas content
during the repeated "spray-and-vent" operations by which they eventually
succeeded in degasifying the primary circuit. A representative strip chart
trace of the pressure noise signal, as observed during one step of the
degasification program, is shown in Fig. 1.

It is our opinion that noise analysis, through on-site monitoring
and diagnostic measurements, played a helpful role in achieving a final
safe shutdown condition at TMI-2,

BASELINE SIGNATURES

In addition to the preceding applications of noise analysis to current
safety-related problems, we are continuing to broaden our noise analysis
capabilities by acquiring baseline noise signatures for normal plant
operating conditions and by evaluating new methods for understanding and
applying noise signals for safety assessment. Our experience over the
years with the application of noise analysis for diagnosing abnormal plant
behavior has shown a continuing need for baseline, or reference, signatures
for normal plant behavior against which to compare abnormal signatures.
This need was again emphasized at TMI-2, where we were asked to assess
vessel internal conditions with the reactor in an unusual state, namely, at
hot shutdown with only one (or no) primary coolant pump in operation.
Noise analysts could have performed this task much better if baseline
signatures for pressure, temperature, and acoustic signals at these
special conditions had been available.

Recognizing this need, the NRC had asked ORNL even before the TMI-2
accident to acquire limited neutron noise baseline data from a few
pressurized-water reactors (PWRs). However, based on subsequent TMI-2
experience, we are strongly recommending an expansion of our baseline
signature acquisition program to include signals other than neutron noise
and measurements at conditions other than full power.

In connection with these studies, we plan to install a continuous
monitoring system in a plant to acquire, catalog, and establish statistical
bounds for noise signatures from a number of selected signals. The
monitoring system is programmed to detect automatically any statistically
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significant deviations from baseline conditions that may appear. The
system will eventually be capable of performing some specific diagnostic
tasks, such as detecting PWR core boiling, a loose core barrel, or
abnormal fuel element vibration.

ANALYTICAL PREDICTION OF NOISE SIGNATURES

We have also developed and performed an initial evaluation of a
stochastic modeling methodology4 that promises to be a great asset in
reactor noise analysis. Stochastic modeling has already proved extremely
helpful in understanding the nature of and the relationships between the
so-called global and local components of the signal from a neutron detector
in a BWR.5»6 A second intended use for this methodology is the prediction
of the sensitivity of noise techniques for detecting various postulated
anomalous conditions7 that cannot be readily obtained experimentally. We
also plan to use this approach to calculate the minimum amount of in-core
coolant boiling that can be detected with ex-core neutron detectors in a
PWR.

LOOSE PARTS MONITORING

In another effort, we examined performance experience and current
practice in the U.S. commercial power reactor industry8 regarding the
detection, location, and size determination of possible primary coolant
system loose parts. We extended the methodology already in use through
fundamental research^ and measurements, including studies utilizing a
full-scale reactor pressure vessel at ORNL. Important outcomes of these
tests have been (1) recommended procedures for mounting loose-part system
sensors, and (2) a method for locating loose parts that is based on signal
amplitude ratios rather than on signal time-of-arrival differences which,
because of high acoustic background levels, are often difficult to measure
accurately while the monitored plant is in operation.

In connection with this second outcome, Fig. 2 shows a projected view
of the path taken by an automated, iterative search procedure based on
relative signal amplitudes in arriving at the most probable location
(designated F) of an impact that actually occurred at position I on the
lower hemispherical head of the reactor vessel. The locational accuracy
depicted in Fig. 2 is typical of the results obtained with the amplitude-
based method on the reactor vessel (of unusual construction) available for
our tests and, while less than remarkable, it represents an improvement
on similar results obtained by the arrival-time-difference method.
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BOILING-WATER REACTOR STABILITY MONITORING

Over the past several years an international effort to better under-
stand the nature of neutron noise in boiling-water reactors (BWRs) has
been under way. Potential applications of noise analysis for safety
assessment in BWRs include on-line measurement of bundle void fraction10

and bypass region coolant boiling,11 detection of in-core component vibration
and impacting,-^ and monitoring of core power stability on a continuous,
on-line basis. Results in this last area indicate that changes in stability
measures (such as the decay ratio) can be detected by performing time-series
analysis of neutron noise signals from the conventional power-range monitor
instrumentation. 13>11+ We have recommended to NRC that the practicability
of this methodology for continuous monitoring of stability be demonstrated
using real plant data, and this work is in progress.

AUTOMATED SURVEILLANCE SYSTEM DEMONSTRATION

ORNL noise analysts have developed an advanced-concept surveillance
system1^ that can monitor nuclear plant signals for changes in their statis-
tical properties that may be indicative of anomalous conditions or an
approaching component failure. The system employs pattern recognition
techniques and is designed to operate on-line and continuously, with only
infrequent need for human attention. Internal consistency checks are used
to maintain a low false alarm rate.

This system was demonstrated16 recently at the High Flux Isotope Reactor
by monitoring two neutron signals through four consecutive 22-d reactor
fuel cycles from April through July 1979. This demonstration, though
somewhat limited in scope, was quite successful—only minor difficulties
relating to the monitoring system design were uncovered, and these were
easily corrected with changes to the software. Most significantly, an
acceptably low false alarm rate was demonstrated. A longer-term
demonstration, employing upgraded equipment installed at a commercial
power plants is being planned for 1980-81.

Further adaptations of the basic surveillance system design may be
directed toward such tasks as the detection of boiling in PWRs, malfunctions
in rotating machinery, and flow anomalies in BWRs.

SUMMARY

Noise analysis methods have repeatedly proved helpful in achieving
a better understanding of safety-related problems in nuclear plants of
diverse design. Recent experience with a number of new—and seemingly
powerful—noise diagnostic techniques, some of which have already progressed
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from the development stage to a point of initial application, suggests
that the future achievements of this field may well surpass those already
recorded.
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THE ENHANCED CORE MONITORING SYSTEM FOR

BROWNS FERRY NUCLEAR PLANf

R. S. Lindsey
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Chattanooga, Tennessee 37401

ABSTRACT

A system of computer hardware and software is being developed to supplement
the process computers at Browns Ferry Nuclear Plant in the area of
reactor core monitoring. All data stored in the process computers will
be made available through a data link to an onsite minicomputer which
will store and edit the data for engineering and operations personnel.
Important core parameters will he effectively displayed on color graphic
CRT terminals using techniques such as blinking, shading, and color
coding to emphasize significant values. This data will also be made
available to Tennessee Valley Authority's Chattanooga central office
support groups through a data network between existing computers.

THE ENHANCED CORE MONITOR

Nuclear plant safety begins in the basic plant design with many systems
implemented to prevent serious accidents and to minimize the effects of
any accidents that may occur. This design philosophy has proven to be
very effective and contributes to the outstanding safety record of the
nuclear industry. However, equally important to the design features are
the people who operate the plant—operators and engineers—and their
interface to the plant. Fast, accurate data collection alone is not
sufficient for optimum plant operations. The display of this data must
be designed to provide complete information transfer rapidly with ease
of access and some data reduction to transform the extremely large
amount of raw data into easily understandable data edits. This is the
purpose of the Enhanced Core Monitoring System (ECMS) that the Tennessee
Valley Authority (TVA) is developing at its Browns Ferry Nuclear Plant
in Athens, Alabama.

Browns Ferry Nuclear Plant (BFNP) is a three unit General Electric (GE)
BWR-4 design rated at 3293 MWT per unit. Each core' consists of 764 fuel
bundles and 185 control blades and is monitored by 43 local power range
monitor (LPRM) strings containing four small fission chambers. Signals
from these detectors and other plant sensors are fed into the process
computers for reduction and storage. The computers are GE 4020's with
some modifications to increase their speed, reliability, and flexibility
such as Fabritek bulk memory to replace the drums, floating point hardware,
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replacement of standard typers, and addition of nine track magnetic tape
drives. These enhancements greatly increased the speed for executing
programs and provided operations personnel with a much better tool for
plant monitoring and, more specifically, core monitoring. These computer
modifications were a great improvement in speed, but the man-machine
interface was relatively unchanged. Data edits remained in the form
that was designed in the late 1960's when the process computer was
intended to monitor static core designs with equilibrium reloads and
well behaved fuel performance which has not been the case.

The role of the process computer has expanded tremendously since initial
plant design. The analytical programs used for core monitoring have
been complicated by more unique core layouts, variable reload designs,
fuel preconditioning guides, and various analytical improvements. The
impact on the computer has been changing computation requirements, need
for more computations, quicker execution, more stringent backup requirements,
possible predictive analysis, and enhanced display techniques.

One of the major deficiencies in the current process computer is in its
ability to interface with the computer user—operator or engineer.
Standard edits have been relatively unchanged since the late 60's, but
computer technology has advanced rapidly making many features feasible
and economical that were not possible when the process computer was
designed. By the union of new technology in the minicomputer with the
plant parameter scanning ability of the existing process comptuers, a
powerful, flexible tool can be developed for plant monitoring with
emphasis on core monitoring. Particular emphasis by TVA is being placed
on the effective display of data that has been monitored or calculated
by the process computers. This data is necessary for both safe and
economical plant operation and must be in a form that can be easily
interpreted by operations personnel. With constant monitoring of techni-
cal specification parameters and core and bundle power distributions,
plant personnel can more quickly react to core transients and can provide
earlier detection of problem areas. At the same time, ."support personnel
in the Chattanooga central office can monitor the changing reactor
states and can provide assistance in a response time not now possible.
Better utilization of existing manpower and closer cooperation between
central office and site personnel will result from this capability.

The first step in providing an improved monitoring system is to interface
the minicomputer to the process computers. It was important that the
interface be designed to ensure that computer availability be maintained
as much as possible during the implementation period and minimize the
risk of the interface causing process computer failure or errors.
Another consideration is software development on the process computers.
Because of the severe limitations and complexities of software development
on the 4020 systems, it is better to minimize that involvement for
economical reasons as well as to ensure software compatability with GE
and software reliability. The solutionr then, was to design the interface
to connect the Prime minicomputer with the four dual ported Fabritek
bulk memory modules used for data storage by the process computers. Initially
read-write interface is planned with a hardware lock on the write circuitry
to prevent unauthorized modifications of the process computer software.
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Th«- iuUtrfacf? (figure 1} hit not b««n coef>lel*4 because of it* uniqueness
and th« delay in getting part** K»ti«ated completion of this link is
scheduled for late June or early July of I960. The functional requirement
of the H'/Ktetn have been established and provide a good description of
th*r interface. itt« software driver lor the Modified general purpose
interface board ((iH'b) will provide a FORTRAN IV callable user subroutine
in the minicomputer for access to the bulk aMswry at a rate of 1.2 MHZ
(132,000 w/««;c.). It will be capable of transmission error detection
through monitoring of the CftC logic flags and will initiate retries.
The driver will be callable from the user's monitor program anC vill be
provided arfjuirient« that specify which bulk aesKiry unit starting address
of the detsirftd data, and the number of bulk memory words to be acquired.
Krror codew r>hall be passed to the user, and the buffered data will be
transferred to the user's virtual buffer space. With this arrangestent,
data will be easily accessible to the user.

The IX'M.'J Monitor is -i background process running on the Prime mini-
computer which u.'ieo the communication interface to monitor the status of
the process computer and update the ECHS File System. This is a table
driver process which is initialized from a scanning data definition file
upon startup. It also contains capabilities for dynamic table redefini-
tion to allow individual user programs to request scan points not defined
in the data definition file.

The .scan table is divided into various scan classes

0 Sec. 1 Min. 4 Hrs.
1 Sec. 5 Min. 8 Hrs.
5 Sec. 10 Hin. 12 Hrs.

10 Sec. 1 Hr. 24 Hrs.
30 Sec. 2 Hrs.

Scan classes which are empty require no storage. Any class may contain
as many entries as necessary up to the maximum size of the table. Each
entry contains information defining the data area to the scanned, and
optional process computer status flags necessary for scanning.

The flags contain information about the results of a given process
computer program (Ex: CTP > 10%, W "» 5%, Control Rod Moved) or informa-
tion about the status of a given program. (Ex: Pi on, PI complete Pi
aborted.) This allows the monitor to overlay the results of a given
process computer program or periodically update data where the process
computer detects certain plant states.

The main logic loop will periodically request the current process computer
status information, determine which scan classes are scheduled for
initiation, and initiate scans. Only those entries whose status flags
correspond to the current process computer status are scanned. Scanned
data is then overlayed into the appropriate files. This process is
repeated once for each unit, and then the monitor will sleep until its
next scheduled loop. The waiting period between loops will be dynamically
adjusted between maximum and minimum values to account for the varying
activity of the process computer.
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The Enhanced Core Horutoring Systes*1* fil# »y«t«o i* conprised of tvo
separate file types. The first file type contain* a disk image of the
process computer bulk device for a specific reactor unit. The files are
large (400-500 kb) direct access files. Th««e files reflect the
current status of th« process computer and nay be accessed through an
indexing file which contains array naae, class* size, and address informa-
tion. A standard interface routine i« provided for user programs.
Additionally, a file nanageswnt system is provided to examine, change, or
build the data or index, as well as a variety of house cleaning functions.

The other file system is used for tracking certain time trending data.
This system may be used to review previous op«ratiny status, examine the
trend of specified data points, or perform timing studies on various
related data. This systcsn will contain circular data files, a self-
contained index, and per/record percentage (contained in indexing informa-
tion) . Thus, the time span of a file may be adjusted by varying the
resolution for that file as well as the file size. This would allow for
a given set of parameters to be tracked for long-term studies (i.e., low
resolution), as well as short-tenn histories without implementing any
additional compression techniques or vast file sizes. The system allows
tracking single array elements and complete or partial arrays with other
related array data.

The final aspect of the enhanced core program is the interface with the
user. This includes the quizzing of the user for information and the
structure of the edits for maximum information transfer. If this section
is not designed with the user in mind, the total project could be a wasted
effort. Much emphasis has been placed on involving the end users in the
selection and design of edits as well as commenting on the use of the system.
Through these discussions and other experience, it was made clear that
the best way large amounts of numerical data can be adequately processed
by the users is through the use of graphical representation with color
enhancement. The display devices selected for this system were 19-inch
color graphic CRT1s with 512 by 512 dot resolution manufactured by
Chromatics, Inc., of Atlanta, Georgia. Two CRT's have been purchased
for development work and initial testing with an additional five terminals
being planned for the June final implementation date. When installed,
these CRT's will provide enhanced monitoring at each of the three control
bays, the computer room where the minicomputer is located, the technical
support center, and the Chattanooga office of the nuclear engineering
support groups. Since these CRT's are being driven by the minicomputer,
additional CRT's can be connected without modifying the monitor software.

A list of edits now being established are shown in table I. Absent from
this list are plant parameters such as valve positions, which are being
implemented in a separate status monitoring system. The emphasis is on
core monitoring, which is the focal point of plant safety. These edits
are designed to be easily retrieved by the user, and will clearly indicate
the status of the core parameters that are being displayed. An example
of this is evident in an edit for relative bundle powers. The current
process computer output of these values is given as four pages of numeri-
cal data printed in quarter-core map format. This is a small improvement
over a columnar list of the data but the significance of the data is not
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apparent to the user, i.e., the data has little meaning without further
data reduction and analysis. The ECMS display of this same data presents
a picture of the reactor power state that can be quickly diagnosed by
the operations personnel with a minimal chance of misinterpretation.
The data is displayed in core map format (either full or quarter core)
to clearly present a comparison between power and core location. The
display is further enhanced by color coding to replace numerical data by
regions with colors determined by relative power level. In case a
bundle power exceeds the user specified limit, the bundle is represented
by a flashing color. In this example a standard numeric display which
takes considerable time to interpret and is subject to misinterpretation
is transformed into a graphical format with important features highlishced.
This is only one example to describe the philosophy used in the ECMS,
and other edits are fashioned similarly.

Graphs are used to present axial information such as bundle powers,
exposures, void fractions, etc. These axial graphs clearly indicate the
status of these parameters and make the task of diagnosing axial problems
much simpler and faster. Even standard edits such as table summaries of
technical specification thermal limits become much more effective when
color coding and flashing are used to warn the user of technical
specification violations or values approaching limits.

With this clear picture of the status of the reactor core, operations
personnel have a better tool to provide safe and economical operations.
Safety comes from improved awareness of critical reactor parameters
greatly reducing human error involved in interpreting the large amounts
of numerical data and is also a result of the engineer's increased
ability to predict the impact of a core perturbation, such as a control
rod move, on the rest of the core. This leads to more precise rod moves
and a faster detection and resolution of trouble areas. An important
by-product is more economical operation by contributing to reduced time
for return to power capabilities.

Data communications will play an important role in the ECMS. Through a
networking system on the minicomputer, the same data and edits available
to site personnel will be available to the Chattanooga plant support
groups. This contributes to safe, economical plant operations in three
ways. First, it provides detailed information on a near-real time basis
to emergency support groups in Chattanooga and onsite to greatly increase
the effectiveness of these groups. Secondly, during normal operations,
support groups in Chattanooga can witness events at Browns Ferry and
become much more involved in daily operations; therefore, effectively
expanding the plant engineering force. Finally, the data communications
eliminates many of the requests for plant statuis information thereby
freeing the plant personnel from this task, and eliminates many of the
trips between the locations for data collection or transfer.

Currently, the Enhanced Core Monitoring System is still under development
but is expected to be completed by July 1980. Most of the software has
been developed, two of the color graphic CRT's have been purchased, and
data communications have been established between Browns Ferry and
Chattanooga. The remaining unfinished item is the link between the
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process computers and the onsite Prime minicomputer and final testing of
the complete system. Data edits have been established but may change
after gaining experience with the system. With the approach taken and
the hardware selected, modifications to software and the addition of
CRT's is a simple task. Once in operation, the ECMS will prove to be an
important part of plant operations.
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Table I

List of Edits

I. Conventional Edits

A. PI - Reactor State Summary
B. P2 - Daily Summary
C. P3 - Monthly Summary
D. OD-6 Thermal Limits Summary
E. OD-16 Cycle Exposure Summary

II. Full Core Maps and Quarter Core Maps

A. Bundle Average Power
B. Bundle Average Exposure
C. Bundle Flow Rate
D. Exit Quality
E. Fuel Type
F. Fuel Batch
G. Thermal Limits Data

III. Trending Edits

A. All Analog Input Points
B. Core Thermal Power
C. Core Average Flow
D. Control Rod Positions
E. Local Power Range Monitors
F. Plant Status

IV. Control Rod Edits

A. Current Control Rod Map
B. Control Rod Exposure

V. LPRM Edits

A. LPRM Exposure
B. Sensitivity Logs
C. Control Dependent Correction to LPRM Valves
D. LPRM Calibration Contents
E. Control Rod Densities

VI. Histogram Edits

A. Preconditioning Envelope Frequency Distribution
B. Preconditioning Envelope Age Distribution

VII. TIP Edits

A. LPRM Values at Calibration
B. Tip Machine Calibration Constants
C. Control Rod Distribution at Calibration
D. Effective TIP Readings at LPRM Elevator
E. Effective TIP Readings at Last Calibration

VIII. Axial Edits

A. Bundle Power, Void Fraction, Exposure (Nodal)
B. Segment Average Exposure Weighted Void Fraction
C. LPRM Effective Readings
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Figure 1 - Communications Link Configuration
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ON-LINE VIBRATION MONITORING OF PWR-INTERNALS

W. Bastl, R. Sunder, D. Wach

Gesellschaft fiir Reaktorsicherheit (GRS) mbH, Garching
Federal Republic of Germany

ABSTRACT

Experiences with reactor vibration monitoring as well as first steps
to automized systems are presented. In particular:

- long term effects of vibration analysis results with respect to rigid
bod/ motions of pressure vessel and main coolant pumps, fuel assembly
beam modes, and out-of-balance forces. Especially pointed out are
changes in the vibration behaviour due to exciting forces and due to
mechanical coupling conditions

- comparative investigations of vibration monitoring results of PWR's
with different size and nominal power

- progress in development of automized procedures. Goals in the improve-
ment are data collection, reduction, storage; implementation of optimal
estimation methods, learning procedures, interaction capabilities and
modern communication systems.

INTRODUCTION

In course of the last years, development of different type of diagnosis systems
gained more and more interest /1-7/. Amongst the various methods applied, on-line
vibration surveillance is a very promising one for monitoring the mechanical status
of the reactor coolant loops, not at least because of its predictive abilities.
This incipient failure detection abilities can be realized to the extent that
fatigue effects or loosening of mechanical junctions cause changes of the normal
vibration behaviour of the structure.

From the point of view of surveillance it is of most interest, to monitor the
hardly accessable mechanical parts of the plant, i.e. the primary circuit inclu-
ding the pressure vessel and its internals. However, this causes basic problems
with respect to the selection and adaption of appropriate sensors and adequate
measuring methods. As a rool, the application of correlation analysis between
direct and indirect measuring signals was found to be useful for comprehending
and monitoring the actual vibration behaviour.

The vibration monitoring concept contains the experimental determination of
the characteristic parameters of the components by preoperational measurements of
the plant for various operating conditions and reference measurements under
steady state conditions. For evaluation of the various types of information
available during operation, it is necessary to develop suitable theoretical models
describing the vibrating behaviour of the plant in order to obtain a solid basis
of interpretation by means of model calculations. Once this task is achieved,
experience on the normal vibration behaviour of the plant has to be gathered.

The aim of our investigations during the last years was to investigate these
normal patterns. Repetative measurements had been done at various PWR-plants
during normal power operation. One of which is equipped with a prototype
vibration monitoring system.
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During power-operation four types of sensors are available: inductive absolute
displacement sensors on top of PV, relative displacement sensors at the inlet-
bend pipes of the main coolant pumps, excore neutron sensors of the safety-in-
strumentation and piezo pressure sensors located at inlet- and outlet-pipes.

In this paper some results are shown with reference to the long term behaviour
of the signal spectra of one plant. Also discussed is a comparison of spectra
gained at a 600 MW-, 850 MW- and 1200 MW-PWR. Understanding the behaviour of
reference patterns of the plant is last not least the basis for automized systems
which have to be equipped with learning abilities in order to take care of the
"normal" changes. Some ideas and problems concerning pattern recognition systems
are given in the last chapter.

APSO

LONG TERM EFFECTS

As already indicated it is necessary to collect experience about the long term
behaviour of signals and the parameters characterizing the plant performance.
Besides others, the results of inservice inspections during refuelling have to
be considered. Furthermore it is necessary to collect reference signatures of
the plant under normal working conditions in order to obtain the "error band"
of the reference patterns, and in order to get foundated knowledge which deviation
from the normal patterns has to be taken as abnormal - and consequently makes
necessary a more sophisticated analysis.

Deviations may have different reasons:
changes of the exciting forces, changes
of the mechanical state of the struc-
ture, malfunction of the measuring
chairs. In the first figure the
results of the PSD long term be-
haviour of the signal spectra
mentioned before are shown: the
shaded bands contain five measure-
ments during one fuel cycle.

The exciting forces originally caused
by the main coolant pumps are partly
of mechanical and partly of fluid-
dynamical nature. In the following,
we will discuss the 25 Hz-peak, which
has its origin in the out-of-balance
forces of the pump-shafts (nominal
speed). The vibration behaviour of
the primary circuit can be displayed Fig. I
in different frequency bands by means
of Lissajous curves, which are shown
in the true geometrical positions
(Figure 2, upper left).

The signals are taken from relative displacement gauges (biaxial, horizontal
sensitivity) located at the inlet-bend pipes of the pumps and from absolute dis-
placement sensors (vertical sensitivity) at rectangular positions on top of the
PV. The pump vibrations show a stationary behaviour concerning the direction and
the amplitude of vibration. On the contrary, the PV-vibration varies according
to small differences of the three pump-speeds (figure 2, upper middle). Between
two points in time with maximal vibration amplitude (A-A), there exist tumbling
phases and pendular oscillations in various directions. The investigations of

*> f H * <0

variation* «f mcHInf fsrcM

vArlattoni of nwclwtical

hardware-effect! a) mtamrlng dr»ic*s

Vibration monitoring system:
Reference signatures during
core cycle
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15 measuring campaigns show the
dependency of the maximal PV oscillation
amplitude on the actual rotation speed
differences, especially those of the
pumps 2 and 3 (figure 2, upper right).
The maximum of the oscillation ampli-
tude is limited according to the
diagram in the lower half of
figure 2.

Concerning the long term effects due
to power- and temperature history,
changes over the whole frequency
range have to be considered. This
is because of the new static posi-
tions of the components after each
start up of the plant.

In the middle of figure 3 a reference
pattern is shown which indicates
the varying of the circumferential
clamping conditions. (The exposure
time was always longer than the
beating cycle of the main coolant
pumps 2 and 3). When comparing the
four additional reference patterns,
the following statements can be
made: Good agreement between patterns,
when the plant was working steady
state without transients; distinct
variations, when the measuring cam-
paigns were performed with great
intervals including plant-shutdowns
and power-reductions.

Consequently these influences have to
be considered for updating of the
reference patterns.

A systematic long term effect appears
when looking at fuel assembly eigen-
frequencies: Figure 4 gives nomalized
APSD's of excore neutron noise sig-
nals, with three measurements per
fuel cycle. As shown in /5/, the
frequency peaks emphasieed by symbols,
can be related to two kinds of bending
modes of the fuel assemblies.

There is a systematic decrease of the
fuel assembly eigenfrequencies. This
can be seen more distinctly from the
lower part of the figure, where the

i

30 "15"
M l * (ptoMCP I/Ml

Fig. 2: Pressure vessel vibration amplitude
in dependence of unbalanced forces
of main coolant pumps

Fig. 3: Long term effects due to power-
and temperature history:
Changes of primary circuit
vibration behaviour at 25 Hz
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measuririg intervalls are normalized
to the respective fuel cycles. After
each refuelling of the core new fuel
assembly eigenfrequencies can be
identified. Our results show that
the velocity of the frequency-shift
decreases with burnup until the
third fuel cycle. As after three
years the mean lifetime of the fuel
assemblies and therefore the mean
burnup of the core roughly remains
the same, it has to be expected
that the behaviour of the third
curve is representative for future
measurements. The cause of this
frequency shift can be explained
by irradiation effects reducing
the coupling between the fuel
rods and spacer grids (relaxation
of the springs). The same con-
clusions have been reached by
other investigators /4/, /6/.

Endol hMl cyd»

BigMng (XfiafcycM

Fig. 4: Long term effects due to variations
of mechanical properties:
Decrease of fuel assembly beam mode
frequencies during lifetime

COMPARING DIFFERENT PLANTS

Comparing investigations are performed with the aim to inquire the transfer-
ability of scale-dependent (i.e. not plant specific) pattern effects from one
plant to the other. APSDs of PV displacement signals and excore neutron noise
signals of three plants (600, 850 and 1200 MW) are shown in figure 5. As to be
expected, the eigenfrequencies of PV/CSB and the eigenfrequencies PV/SCS are in-
versely proportional to the plant
size. A corresponding relation is
valid to the fuel assembly eigen-
frequencies, seen in the neutron
noise spectra (note: plant 1 and
2 are equipped with identical fuel
assemblies).

The general structure of the
spectra varies from plant to plant,
so that seperate analysis are
necessary.

When looking at the forced
vibration at 25 Hz one would expect
a similar vibration behaviour, in-
dependent of the plant size, as far
as the PV supporting conditions are
comparable. The PV supports include
the bracket bearings, the box-type
supporting construction braced to
the concrete and the restoring mo-
ments of the main coolant pipes.
Concerning the 25 Hz excitement of
the system, the initial conditions

(D600MW-PWR
«860MW «

acore
neutron
noise

Fig. 5: Comparative investigations:
Vibration- and neutron noise PSDs
of PWRs with different nominal
power
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9 *
Fig. 6: Comparative investigations:

Pressure vessel vibration behaviour
at nominal pump speed

for the vibration behaviour ought to
be similar independent of the size
of the plant.

However, the phase behaviour (20
minutes exposure time) of the four
absolute displacements measured on
top of the PV of two plants shows
remarkable differences (figure 6).

For the 1200 Mtf plant we observe
a mean in-phase behaviour of all four
signal pairs (i.e. the vertical vibra-
tion dominates). The mutual in-phase
and opposite-phase behaviour of ad-
jacent signals indicates a distinct
pendular movement with preferred
direction. It has to be pointed out
that both plants perform pendular
movements. However, the four-loop-
plant shows an asymmetric PV vibra-
tion behaviour caused by specific
supporting conditions (resulting in
a vibration axis out of the center-
of-mass), so that additional vertical vibration components are superposed to the
pendular movements.

Consequently this means that the available measuring signals are rather sen-
sitive to construetural details of the plant. This has to be considered in an on-
line surveillance.

In principle, cross checks between different plants are possible, if the in-
vestigations are restricted to components with similar geometrical configuration
and identical supporting conditions. This holds for the fuel assemblies. The
lower end can be assumed to be clamped due to the own weight and the guide bolts
at the lower core plate, whereas the
upper end is relatively free due to
tolerances of the holding-down springs
(first assumption). In a second
assumption the hinges were assumed
to be near the top and the bottom
part of the fuel assemblies, since
the fuel pins end there and the
stiffness is only determined by the
assembly skeleton. The analysis
results show that both assumptions
are valid. Long term effects of the
600 and 850 MW-plant (identic fuel
assemblies) can be transformed
directly whereas for the 1200 MW-
plant a scale-factor must be
considered.

A comparison of the normalized
neutron noise PSD's of the three Fig. 7: Excore neutron noise PSDs at the
plants is shown in figure 7: beginning (BOC) and the end of

core cycle (EOC)

600MW-PWR eeoim-nm flOOMWWR
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There are compared measurements at the beginning and the end of core cycles.
The decreases of the fuel assembly lateral response frequencies with burnup time
are marked by shaded bands. In addition, the PV/CSB pendular mode is marked.

If the pendular-eigenfrequency is close to a fuel assembly beam mode, there
exists a support motion excitation as a consequence' of movements of the lower
core plate (or the CSB respectively). This leads to a characteristic peak in the
neutron noise APSDs.

AUTOMATION OF THE MONITORING PROCEDURE

After the development of the basic concept for a reactor vibration monitoring
system and the finding-out of the best suitable information carriers and in para-
llel to the investigations of the long term effects of the basis signatures and
the optimization of the interpretation modells mentioned before, we have been
started to investigate mathematical methods allowing a far-reaching automation of
the monitoring process.

In the present development phase of vibration monitoring systems no advanced
analysis devices are firmly installed. The data are investigated in certain inter-
vals by external specialists using ambulatory analyzing systems (i.e. on site a
quick-look-analysis is performed only) whereas the detail analysis is done off-
line with data recorded on magnetique storages. The monitoring process, and this
means the control of the pattern functions with respect to deviations affected by
faults, is in most cases performed off-line by a specialist, who is familiar with
the results of model calculations performed in parallel to the plant operation.

Essential disadvantages of this concept exist in the delayed alarm finding,
tha strong dependence on external specialists and the non-availability of advanced
analysis systems during actual events like plant accidents, activation of the loose
part detection system etc.

When trying to automize diagnostic
and surveillance methods which are
based on stochastic plant data, it
has to be considered that the avail-
able data patterns are subject to
variations due to the statistical
occurring of various sources and due
to changing parameters of the complex
process. In figure 8 as an example the
histogram of a PSD of a PV vibration
signal is shown, where the causes of
the pattern variations lie in varying
system strains due to the loading
program of the plant. For instance
pure comparison or simply calculating
the difference of PSDs would not de-
liver the desired result. The problem
has to be treated by statistical
methods.

FV-abaoiute
displacement
signal

Procedures which can be used are
based on the theory of statistical
pattern recognition or the decision
theory respectively. The basic
structure of an automized diagnosis

Fig. 8: Characteristic pressure vessel
vibration signatures during the
first core cycle:
Changes of patterns due to power
history
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system consists of the preprocessor (which transfers the observable stochastical
signals to pattern vectors), the feature selector/extractor (which separates the
best characteristic features) and the classifier. In the classifier the resulting
feature vectors are compared with reference vectors with regard to statistical
properties and classified into either a-priori postulated or adaptively learned
classes. In a subsequent advanced communication system (CRT-terminal, interactive
dialogue ability) the operateur is able to verify indicated feature deviations,
i.e. fault classes, in direct dialog with the diagnostic system.

In the literature, different methods for automatic classification are described
(e.g. Mahalanobis distance or modified maximum likelyhood decision rule, dis-
criminator measures, clustering analysis, Bayes1 decision rule). In GRS a para-
metric Bayes' minimal risk classifier is used as recognition technique /8/, /9/.

The multiple decision problem is solved by means of the log-likelihood vec-
tors estimated sequentially for each postulated hypothesis. The feature vector
is calculated from the stochastic pattern by use of correlation techniques. By
dynamic modelling of the feature vector a more general applicability is gained.
Since multiple hypothesis testing have to be possible for each state or each
feature element a decomposition of the model is necessary.

The states are estimated by use of hierarchically structured maximum-a-
posteriori filter algorithms. With these results the likelihood ratios are cal-
culated and sequential tests with and without rejection option are performed.

The investigations of these methods are ongoing. Further considerations are
concerned with the realization of a pattern recognition and monitoring sysremson
the basis of a hierarchical structured microcomputer systems.
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ABSTRACT

An automatic ultrasonic testing system has been developed which
significantly improves the flaw indication detection and characterization
capability over the capability of conventional volumetric examination
techniques. The system utilizes an accurately located ultrasonic sensor to
generate the examination data. A small computer performs and integrates
control and data input/output functions. Computer software has been
developed to provide a rigorous method for data analysis and ultrasonic
image interpretation. The system has been used as part of an in-service
inspection program to examine welds in thick austenitic stainless steel
pipes in a small experimental nuclear reactor.
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This report was prepared as an account of work sponsored by an agency
of the United States Government. Neither the United States Government nor
any agency thereof, or any of their employees, makes any warranty, expressed
or implied, or assumes any legal liability or responsibility for any third
party's use, or the results of such use, of any information, apparatus, pro-
duct or process disclosed in this report, or represents that its use by such
third party would not infringe privately owned rights. The views expressed
in this paper are not necessarily those of the U.S. Nuclear Regulatory
Commission.

Work supported by the U.S. Nuclear Regulatory Commission, Office of Nuclear
Regulatory Research under DOE Contract No. DE-ACO7-76IDO157O.
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INTRODUCTION

A computer controlled automatic ultrasonic testing (AUT) system has
been developed which provides significant advancement of field volumetric
nondestructive examination techniques over current conventional
techniques. The system vastly improves indication detection and
characterization capability by providing precision orientation of the
ultrasonic transducer and by improving data recording, reduction, display,
retention, and interpretation capabilities that fulfill inspection
requirements of Section XI of the American Society of Mechanical Engineers
(ASME) Boiler and Pressure Vessel Code (the Code). The Code imposes
quantitative requirements on ultrasonic testing performed on nuclear
reactor components. The size, shape, location, and orientation of
relatively small indications within thick sections must be quantitized.

Conventional ultrasonic testing techniques, particularly for field
applications, have been primarily qualitative and semi-quantitative, the
measurement integrity highly dependent on the skill and attentiveness of
the operator. Experience in in-service inspections indicates that
ultrasonic testing results under field conditions are highly variable and
imprecise.

To overcome these deficiencies, an AUT system has been developed and
utilized for field use on the Loss-of-Fluid Test (LOFT) Facility, a small
conventional light water pressurized reactor. The main purpose of the AUT
system is to provide improved inspection accuracy and reproducibility of
ASME Code Class 1 weld examinations particularly in thick stainless steel
sections.

The AUT system will be described along with the LOFT AUT program
including system objectives, advantages and limitations, operating
experience, and future work scope.

SYSTEM DESCRIPTION

The LOFT reactor is a 50-MW (thermal) pressurized water reactor
schematically depicted in Figure 1. The intact loop, containing the
primary coolant pumps, pressurizer, and steam generator, simulates three
loops of a four loop pressurized water reactor. The broken loop,
containing the steam generator simulator, the primary coolant pump
simulator, and the quick opening blowdown valves, usually simulates the
broken loop of a four loop pressurized water reactor. This reactor system
was utilized to gain field operating experience with the LOFT AUT system.

General AUT System Concepts

The AUT system is defined as a computer controlled, ultrasonic imaging
system designed to provide reliable, quantitative characterization of flaws
ir, field use on nuclear reactor components.
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Three general system concepts constitute the AUT system. First, the
mechanical system provides precise control and reproducibility. Second,
the control and recording system acquires, analyzes, and displays all data
in a readily retrievable form. Third, the data analysis and graphics
system integrates the data and presents it to the operator in a permanent,
reproducible, readily interpretable form.

Principal System Components

The principal components of the system diagramed in Figure 2 are
grouped by the general functions of data sensing, data transfer, control,
and data input/output.

Data Sensing

The data sensing function is performed by the search head. The search
head installation depicted in Figure 3 requires a 13 cm annular clearance
around the pipe and a 26 cm axial clearance adjacent to the weld. Full
360° circumferential clearance is not essential. The search head possesses
four degrees of freedom: axial and circumferential with respect to the
pipe and two angular degrees. All four motions are controlled by stepping
motors using position encoders in a digital computer controlled feedback
system. Figure 4 illustrates a portion of the drive system of the search
heads. Figure 5 shows the search wheel internals including the baffle and
collimator design which eliminates most internal acoustic echoes. The
current search head designs can examine 20 to 46 cm diameter pipes. For
pipes less than 20 cm diameter, new search heads and head tracks need to be
designed. For pipes greater than 46 cm diameter, new search head tracks
need to be designed.

Data Transfer

The data transfer function is performed by the pulser/receiver, range
gate analog-to-digital converter, and an on-line scan display system. The
pulser/receiver provides a video analog signal that is converted by the
analog-to-digital converter to a digital value selected by the control
computer program. The on-line scan display is used to monitor the
pulser/receiver output signal.

Control

The control function is provided by the mechanical control, status
unit and the computer. The control-status unit provides remote manual
control of all four degrees of freedom of the search head and provides
numerical display of all four of the same motions. The computer through
its software directs the ultrasonic beam positioner. The computer also
integrates the complete AUT process and, in effect, provides the
examination and analysis procedure.
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Data Input/Output

The data input/output function is performed by the graphics display
system, disc system, and tape units. The graphics display system provides
data and data analysis display capability and man/machine interface
capability. This display system includes a high speed line printer. The
disc and tape systems provide mass memory capability.

LOFT AUT PROGRAM

The main purpose of the LOFT AUT program is to provide accurate and
repeatable non-destructive examination data of LOFT ASME Code Class 1 welds
to support LOFT in-service inspections for thick austenitic stainless
steels.

Prime Objectives

The LOFT AUT program has six prime objectives.

(1) Perform required ASME Code Section XI volumetric examinations
with AUT techniques for ASME Code Class 1 piping.

(2) Perform LOFT in-service inspection examinations at a maximized
rate using one basic AUT system with minimal plant downtime.

(3) Perform LOFT in-service inspection examinations with minimal
radiation exposure to personnel.

(4) Provide significant improvement in flaw image characterization
capability to satisfy the full intent of ASME Code Section XI
in-service inspection requirements particularly in thick
austenitic stainless steel sections. This objective includes
improvement in the capability to discriminate between false and
real indications.

(5) Re-establish the manually obtained ultrasonic baseline
examination results of the LOFT ASME Code Class 1 welds using AUT
to support the LOFT in-service inspection examinations.

(6) Develop and evaluate a field usable AUT system based on the
laboratory developed system.

Advantages and Limitations of the LOFT AUT System

The system possesses four advantages over conventional nondestructive
test techniques. First, the system provides permanent, retrievable,
repeatable records not available with conventional nondestructive
volumetric examination techniques. Second, the system significantly
improves data analysis capability by providing better image interpretation
and flaw indication definition and by providing a rigorous method of data
analysis. Third, the system reduces exposure of operating personnel to
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radiological and thermal hazards. Fourth, the system utilizes existing
skilled technicians while improving the flaw indication characterization
capability.

When compared to conventional nondestructive test techniques, the
system possesses two limitations. First, system procurement and
development and software development require lengthy lead times. Second,
the initial system development costs are high, although replacement costs
at the end of development will have decreased to approximately one-half the
development costs for the initial LOFT system hardware.

Operating Experience

All of the previously stated prime objectives have been completely or
partially satisfied. This has been accomplished by performing axial
shear-wave, circumferential shear wave, and longitudinal wave examinations
of 45 LOFT ASME Code Class 1 welds in 316 stainless steel pipes. Since the
LOFT Facility is a very compact system, access to these welds was often
restricted by wireways, components, and branch connections, often making
the LOFT conventional and AUT examinations difficult.

Field trial examinations of LOFT have been performed for three years.
In 1977, the trials emphasized the development of the electronic and
computer hardware system while examining 16 LOFT ASME Code Class 1 welds.
In 1978, the trials emphasized development of mechanical search head
equipment while examining 13 LOFT ASME Code Class 1 welds. Hardware,
procedural, and software changes resulted from these trials. In 1979, the
trials emphasized the data acquisition and control software along with
improvement of the examination and calibration procedures while examining
16 LOFT ASME Code Class 1 welds.

The types of indications detected with the system include weld root,
laminal, poor fusion, slag, and crack indications. Five ASME Code
reportable indications have been detected. Three of the five had already
been detected by conventional ultrasonic methods while two of the five were
discovered by AUT methods.

Several of the detected indications would not have been detected
ultrasonically had the calibrations and evaluations been performed by
Section XI rules. The ultrasonic isoamplitude diagrams generated by the
AUT system were obtained at approximately 18 dB more sensitivity than
required by Section XI.

Several problems were encountered while performing the examinations.
The cabling system between the control console and the search wheel was
discovered to be susceptible to damaye. This resulted in loss of control
of the search wheel. Consequently, the entire cabling system was
replaced. In addition, infrared light-beam limit switches were
incorporated into the search wheel to minimize the consequences of loss of
wheel control.
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A second problem involved the software. The original system software
was found to be severely limiting. Therefore, it was rewritten to improve
system utilization.

A third problem involved the data disc and tape system. The original
system did not possess ample storage capability which limited the capacity
for data handling. Consequently, these systems were expanded to improve
the capability.

A fourth problem involved the calibration procedures. They were
revised to improve their reliability and reproducibility.

The system has been converted to a field usable mobile system
contained in a trailer that can be transported to the exterior of a reactor
containment. The cables are routed to the pipe-mounted search head from
the trailer outside containment. The mobile system has been successfully
used for LOFT AUT examinations.

Future Work Scope

Efforts on the system next year will fall in the areas of
qualification test development, system component improvement, and
technology transfer.

The qualification test development will develop calibration
standardization procedures and examination procedures per ASME Code
Section XI rules. These procedures will be incorporated into the LOFT
inservice inspection program.

Improvements of components will include minor modifications to the
search wheel suspension system to ensure that the misalignment of the
reference plane of the search wheel with the pipe axis will be minimized.
The cabling and connector arrangements will be modified to improve
reliability and ease of installation. A high speed analog-to-digital
converter will be installed to increase examination speed. A large disc
memory system and a gray scale display system will be incorporated into the
system to improve the software capability and imaging capability. Search
heads also will be developed to inspect double curvature surfaces on such
components as pipe sweep-o-lets and valve bodies, to inspect smaller (10 to
20 cm) pipes, and to inspect steam generator nozzles.

The effort for technology transfer will involve quality engineers in
the development of the qualification tests and will train quality assurance
inspectors to use the system to perform LOFT AUT examinations. This effort
will lead to the turnover of the system to LOFT quality assurance personnel
for full system usage.

During the above efforts, LOFT ASME Code Class 1 welds will continue
to be examinee.
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CONCLUSIONS

The LOFT AUT system has been developed to permit significantly
improved image interpretation capabilities over existing ultrasonic methods
by providing continually repeatable data acquisition functions. By virtue
of the repeatable data acquisitional storage capability, the system has
permitted flaw indication characterization to be more rigorously defined
than conventional manual ultrasonic techniques. The field usable system
has been used to perform examinations of ASME Code Class 1 welds on the
LOFT primary coolant system as part of the LOFT inservice inspection
program into which the AUT system will be completely integrated in the near
future.

t
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Figure 3. Search head Instal-
lation.

Figure 4. Search head drive
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STAR, A DISTURBANCE ANALYSIS SYSTEM AND ITS APPLICATION TO A PWR-STATION

W. Bastl, L. Felkel

Gesellschaft fur Reaktorsicherheit (GRS) mbH

Garching, Germany F.R.

ABSTRACT

The STAR disturbance analysis system is an advanced diagnostic tool
aiding the operator during anomalous plant situations. The STAR
system can determine the process status, the prime causes, and the
possible further consequences. Thus, the STAR system has predictive
capabilities. The STAR system can also successfully be used for
post mortem analysis. The paper outlines the functions of the STAR
system and how it works. A sample cause consequence-diagram (CCD)
is included and will be used to show the flow of information from
the process via the disturbance analysis to the operator. To dis-
play the analysis results to the operator colour CRT's are used.
The paper treats also the impact a disturbance analysis system
could have had on the TMI-2 incident.

INTRODUCTION

Experience shows, that whenever disturbances occur in large and complex
processes; often first and slight indications exist hours before the distur-
bance really becomes evident. In most cases, however, the operators are not
notified about a developing disturbance before some preset alarm limits are
exceeded. As a consequence, many times the operator has no time to take
corrective action because the disturbance has already aggravated to such an
extent, that limitation and safety systems will automatically take over.
Large nuclear power plants are already equipped with an huge quantity of in-
strumentation which is also owing to stringent safety requirements. Thus the
operators in nuclear power plants are already burdened with an excessive
amount of information [1]. To add more instrumentation or to display more
messages to the operators, in other words to make the control facilities
more sensitive, would make the situation even worse. On the other hand, to
detect the disturbances at an early stage, the observation has to be rendered
more sensitive. Additionally, however, many more parameters together with
their logical connection have to be checked before a message is issued to
the operator.

Figure 1 shows a plant in normal operation. There is a fairly small
amount of information conveyed to the operator. Most of the tasks are per-
formed by the control system and only a few actions are required tc be per-
formed by the operator. The situation may be quite different in the event
of a disturbance, where the operator is burdened with a lot more information
than he can digest. It must also be pointed out that whenever a disturbance
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has developed so far as to produce alarms, the situation may already be so
bad that hardly any corrective actions can be taken. Here the disturbance
analysis system (DAS) can serve two main tasks. First to detect the distur-
bance at a much earlier stage leaving the operator sufficient time tc respond
to it and, second, to reduce the amount of nuisance information and thereby
attracting the operator to the real problem (Fig 2).

ASM
operator

operator

DISTURBANCE
ANALYSIS SYSTEM

Figure 1
Plant in normal operation

Figure 2
Plant in disturbed situtation

The disturbance analysis system can also order the information according to
the functional behaviour of plant subsystems rather than a chronologic order
of events in a time resolution of milliseconds. Furthermore the disturbance
analysis system can evaluate the causes of a disturbance as well as predict
its consequences. Suggestions as to what corrective actions the operator
should take may be feasible.

A disturbance analysis system which has these capabilities has been
developed by Gesellschaft fur Reaktorsicherheit in cooperation with Institutt
for Atomenergi, Kraftwerk Union and the Bayernwerk utility. The development
aimed at a pilot installation in the 13OO MWe Grafenrheinfeld KWU-PWR. This
system which is called the STAR system ) is now ready for extensive testing
during the commissioning phase.

FUNCTIONS AND MODULES OF THE STAR-SYSTEM

Figure 3 shows the functional layout of the STAR disturbance analysis
system. The nuclear power plant delivers a large quantity of information via
the instrumentation which is collected in the plant data base. This data base
consists of binary status signals and alarm indications as well as analog
measurements (flow, temperatures, etc.). This data base does not consist only
of raw data but also of so called preprocessed data. These data are the
results of preprocessor systems which perform more sophisticated computations
like spectral and correlation analyses of "high-speed" data. To mention but
a few these are data analyses for loose parts monitoring, core surveillance,
leakage detection etc. [2]. The results of these preprocessor systems usually
have a limited scope but substantially contribute to the general plant data
base.
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To perform the disturbance analysis special disturbance models are re-
quired. These models are so called cause-consequence diagrams [3] and are de-
scribed in the next section. However, the disturbance models essentially
contain information about logical and chronological interdependence of events
arising during plant operation. For disturbance analysis these models are
connected on-line to the plant data base. This means that the disturbance
model is activated by the actual situation in the plant. The disturbance ana-
lysis system can now scan this activated disturbance model and analyse which
disturbance applies, determine the causes and the consequences and suggest
possible recovery actions.

PLANT

PLANT
DATA
BASE

PREPROCESSOR
SYSTEMS

CORRECTIVE
ACTIONS

ON-
LINE

DISTURBANCE
MODELS

DISTURBANCE
ANALYSIS

TT
COMMUNICATION,
SYSTEM

MODEL
GENERATOR

NITIAL MODEL
ADAPTATIONS
EXTENSIONS

OPERATOR
PLANT
ENGINEER

OFF-
LINE

The results of the distur-
bance analysis are, however, in a
compressed and coded form so that
they are incomprehensible for
human beings. A communication sys-
tem [4] is necessary to prepare
the results for display on colour
cathode ray tubes (CRT). The re-
sults of the disturbance analysis
are ordered according to plant
subsystems. Therefore the opera-
tors have to retrieve the infor-
mation available on disturbances.
Also here the communication system
supports the operator by providing
an alphanumeric and function key-
board by means of which the dis-
turbance analysis system can be
controlled. The operator is not
assumed to be a slave of the dis-

SYSTEMS
ANALYSIS

Figure 3 Layout of the STAR-DAS
turbance analysis system it should rather help him to determine the momenta-
ry plant situation and so that he can draw his own conclusions. These con-
clusions should then materialise into corrective actions.

DISTURBANCE MODELS

The disturbance analysis system need be informed about how disturbances
start and how they are likely to propagate. The CCD's carry all this infor-
mation. Cause-consequence diagrams are very simple plant models which repre-
sent the sequence of events of disturbances depending on the plant mode of
operation. A cause-consequence diagram can be considered a very rough and
simple simulator. We are aware of the fact, that this means a lack of detail
but where necessary details can be included; otherwise details would just
create nuisance information. The advantages of the cause-consequence diagrams
are that they can be analyzed much faster than the disturbance propagates and
that they are easy to construct. A sample CCD will be described in the next
section.

Before the cause-consequence diagrams can be constructed thorough sys-
tems analysis is required of those subsystems which are of particular inter-
est to the objectives of disturbance analysis. The result of systems analysis
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will be a set of cause-consequence diagrams which is called the initial mod-
el. The representation of the cause-consequence diagrams within the computer
to be used by the disturbance analysis system is, however, completely dif-
ferent from the terms in which the systems analysists think. In order not to
compell the systems analysists to think in terms of computer structures the
special disturbance model generator program [51 [6] has been developed to
translate the input from the systems analyst comprising all the information
required by the disturbance model into the form required by the disturbance
analysis system. It is also anticipated, that the models may have deficien-
cies initially and that adaptations due to operational experience may be
necessary. Furthermore the system is designed so that the data bank con-
taining the disturbance models can be extended. This means that whenever
there is a disturbance in any nuclear power plant, the sequence of events
during this disturbance can be checked for applicability to nuclear power
plants comprising the disturbance analysis system and can then be added to
the disturbance model data bank. In this way the "knowledge" of the dis-
turbance analysis system can be continually enhanced. The disturbance model
data bank then contains all information about disturbances which have already
occurred or which systems analysts thought are likely to occur. If a partic-
ular disturbance occurs the disturbance analysis system would try to compare
the current situation with those stored in the disturbance model data bank.
If a disturbance occurs which cannot be identified the operator will be
notified and must be much stronger on the alert, but he can concentrate on
the important information of the complicated situation, since all information
available on the disturbance, even if the stored situation applies only par-
tially, is at the operator's disposal.

Disturbance models may be costly to develop; therefore a cost-benefit
ratio has to be given to decide whether or not particular disturbances should
be modelled. The cost-benefit ratio [7] computes to

where C = incremental cost of modelling disturbance
P = probability disturbance will occur
P = probability that operator will not arrest disturbance without

DAS
P = probability that operator is able to arrest disturbance with

DAS
E = economic loss and safety implications due to occurrence of dis-

turbance .

The probabilities P , P and P may be hard to quantify. A study how-
ever, is being carried out at GRS to get some useful figures here.

SAMPLE CAUSE CONSEQUENCE DIAGRAM

Figure 4 is a schematic diagram of the feedwater and condensate circuit
of the Grafenrheinfeld nuclear power plant. On the right hand side the three
main condensate pumps from where the condensed water is transported via the
low pressure feed heater into the feedwater tank. From there the main feed-
water pumps push the feedwater via the high pressure feedheaters to the
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steam
generators

steam generators. Figure 5 shows a small part of a cause-consequence
for disturbances concerning the main condensate pumps.
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The basic assumption is that the drains pump for the low pressure feed-
heater is either switched-off or in repair (event 3). If there is a tube
break in the low pressure fer-'Sheater or a spray degasifier in the feedwater
tank is lost, this event cannot be verified by process instrumentation (this
is specific to the Grafenrheinfeld application, other plants may have instru-
mentation for determining the occurrence of such an event; however, cause-
consequence analysis may as a by-product detect gaps in the process instru-
mentation) . Subsequently, there will be an increase in the water level of the
feedheater. This increase will continue until the first limit is reached
(event 8). This is the first observable event from which the disturbance ana-
lysis system will conclude that the primary cause can only be the tube break
in the low pressure feedheater (event 4). At this point already appropriate
corrective actions could be taken. In case the corrective action is not ta-
ken, the water level will continue to rise and will exceed a second limit
(event 12). The control system automatically isolates the defective low pres-
sure feedheater after the second limit has been exceeded and the appropriate
pre-heater will be by-passed. This may not be successful, however, in which
case an emergency shutdown of all main condensate pumps is imminent. The op-
erator will be notified about this situation by appropriate messages. In the
Grafenrheinfeld nuclear power plant the status of the valves for the pre-
heater by-pass is not available on the process computer and there is only the
operator to know whether or not the pre-heater by-pass was successful. The
disturbance analysis system therefore asks the operator an appropriate ques-
tion (event 14). The question is answered by means of a special keyboard in
the disturbance analysis system. If the pre-heater by-pass was unsuccessful
there will be still continued increase of the water level in the low pressure
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feedheater which after the excess of a third limit causes the automatic shut-
down of the two operational main condensate pumps and prevents that the
stand-by condensate pump is started. As a consequence the feedwater tank will
be emptied by and by, which eventually leads the shutdown of the main feed-
pumps and reactor scram.

THE HARDWARE EQUIPMENT USED IN THE GRAFENRHEINFELD APPLICATION

Since the application of the STAR disturbance analysis system in Grafen-
rheinfeld is the first one in a real large nuclear power plant precautions
had to be taken that the pilot application of the DAS have no negative impact
on the operation of the plant. Therefore the data acquisition system of the
DAS is not coupled to the central connection rack. Data will be acquired via
a fast data link from the plant supervisory computer so as to guarantee the
absence of feedback. The disturbance analysis system consists of two com-
puters which are connected via a teletype link (Fig 6). The disturbance ana-
lysis programs are carried out on the Siemens 33O whereas the communication
system is implemented on a NORD 10/S. Apart from the usual peripheral units
the disturbance analysis computer is equipped with a magnetic tape on which
all incoming plant data a recorded so as to allow proper replay and post ana-
lysis of all events occurred during plant operation. The plant data will be
sampled every five seconds and disturbance analysis is initiated at the same
frequency.

Card Line- Operator
Reader Printer Console

Operator Floppy
Console disk

Siemens

340

Siemens
330

NORD 107s Alphanumeric & Function
Keyboard

Disk
Display Controllers
Colour CRT'sMag-Tape Disk

Figure 6 Hardware modules of the STAR-DAS

The communications computer is equipped with two colour display control-
lers and two colour CRTs. Additionally an alphanumeric keyboard and a func-
tion keyboard are used two access the disturbance analysis system, to re-
trieve the available information and to supply additional information known
by the operator. It was found useful to have two colour CRTs, one for the
status overview picture and one for displaying the analysis results.

EXTENSIONS AND FURTHER DEVELOPMENT

In the present application the disturbance analysis system is not directly
coupled to the process instrumentation. The detta needed by the disturbance
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analysis system are retrieved from the plant supervisory computer. However,
in a revised version we are aiming at accessing the signals directly from the
central connection rack. This allows the STAR-system to utilize small local
simulators for prediction of transient behaviour (provisions are already
made). The models underlying these simulators can be very simple because the
predicted trajectories can be corrected immediately by on-line plant data.
Experience gained in simulator tests also indicates a necessity for these
small simulators. In the present version of the STAR system the analysis re-
sults are displayed only as alphanumeric text. We find it, however, feasible
to include mimic diagrams (flow-charts, bar-graphs etc.) in a refined version.
The operators would then also be able to arbitrarily correlate different
plant variables of interest as they need it. The disturbance models will
also be supplied with information about regulations and procedures, and
about testing and maintainance.

THE TMI-2 INCIDENT AND DISTURBANCE ANALYSIS

Apart from the fact that the TMI-2 power plant had certain shortcomings in
instrumentation a disturbance analysis system might have supported the oper-
ators keeping an overview on the plant situation [7]. Disturbance models
supplied with operating procedures could have detected the hazardous state of
the auxiliary feedwater system and could have alerted the operators long be-
fore this system we.s demanded. Provisions for correlating different plant
variables could have given a better feeling tor e.g. the primary coolant in-
ventory, the residual heat generation versus its removal, mass and energy
balances in the steam generator etc. In general a disturbance analysis system
might have detected contradictory information and supported the operators by
making available diverse information so as to enable drawing the right con-
clusions.

CONCLUSIONS

The STAR system is installed in "he Grafenrheinfeld nuclear power plant and
it is subjected to extensive testing during the commissioning phase and dur-
ing normal operation of the plant. The results so far gained in simulator
tests are promising. Nevertheless, several aspects of disturbance analysis
deserve continued attention. In particular, this relates to questions of the
reliability and verification of the functional software, the validation of
the information contained in the data base and possibly the semi-automatic
construction of the disturbance models [9][10] and the allocation of prior-
ities in case of the simultaneous occurrence of several uncorrelated distur-
bances .

By comparison with the activities at other places [11] it appears that
the STAR-System includes all essential features presently suggested for dis-
turbance analysis systems.

Man-machine-communication problems arising with the use of the distur-
bance analysis system bj the operating staff is also of particular interest.
The use of disturbance analysis or similar systems will also require modifi-
cation of operating procedures and training of staff in nuclear power plants.
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The role of the operator may also be subject to significant changes in view
of modern control room design [121.
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ABSTRACT

A procedure of random data processing, based on multivariate time series
modeling, was developed for analyzing reactor noise signals. The purpose of
the development is to resolve methodological ambiguities in using the time series
analysis as a tool for surveillance and diagnostics of nuclear power plants. A
standard procedure presented in this paper consists of several algorithms which
test statistical properties of analyzed data and provide a measure of reliabi-
lity of the extracted information. Noise data records of a boiling water reactor
(BWR) were analyzed by this method. In addition to computing conventional noise
signatures (i.e. auto- and cross-power spectra), the multivariate model was used
for evaluating cause-and-effect relationship among signals, for short-term moni-
toring of process variables, and for monitoring stability of the BWR. The
results illustrate the applicability of this method for reactor monitoring.

1. INTRODUCTION

A. number of attempts have been made in processing reactor noise data to
extract information about the integrity of nuclear power plants [1]. In these
techniques of surveillance and/or diagnosis, analysis of random noise data from
power reactors has been performed using the classical frequency domain methods
(such as fast Fourier transform) or by estimating empirical mathematical models
for a set of measured signals. The approach based on empirical modeling has the
advantage of interpreting the relationships among signals through noise signa-
tures that cannot be easily evaluated using classical methods. One of the
modeling methods, the autoregressive (AR) modeling, has been used in several
studies of at-power reactor noise [2,3]. However, the AR-modeling approach
leads to meaningful physical results only when it is used with certain valida-
tion procedures, as described in this paper. The important tasks of validating
assumptions made in deriving the noise signatures from the time series data have
not been performed thoroughly in earlier studies. We introduce several a
priori and a_ posteriori statistical testing procedures to validate utilization
of the AR analysis for information extraction from reactor noise.

The present algorithms are applied to noise data from a BWR and the
following aspects are studied: (1) analysis of cause-and-effect relationships
among process signals and identification of noise sources, (2) short-term moni-
toring of neutron and process variables, and (3) stability monitoring. The
results show the feasibility of using the method not only in detecting abnor-
malities but also in studying causes of the abnormalities.

2. FUNDAMENTALS OF THE METHOD

The general method of autoregressive analysis is briefly described in this
section*
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Autoregressive (AR) - Estimation of Noise Signature

The principal task in applying this method is to estimate a model

M
Y(t) - 1 A(m)Y(t-m) + V(t) (1)

m-l

which can represent the measured signal fluctuations. Here, Y(t) * Iyi(t)»
y2(t), ..., yp(t)]

T is a vector of the observed multivariate time series data,
V(t) is an immeasurable "source" vector which drives the fluctuating signals,
A(m) is termed the "AR-coefficient matrix," and M is model order.

V(t) is assumed to be a sequence of uncorrelated noise vector with mean
value zero and covariance matrix Q.

The {A^} matrices convey information contained in signal Y(t) in a
compressed form. These matrices are estimated for specified H by solving the
Yule-Walker equations

M
C(k) - I A(m)C(k-m), k - 1, 2, ..., M. (2)

m-1

The noise covariance matrix i3 estimated by the equation

M T
Q - C(0) - I A(m)Ci(m). (3)

m*l

Here, C(k) represents covariance of the signal Y(t) with a lag of k. An effi-
cient algorithm for estimating A(m) and Q has been developed earlier [4], The
remaining problem is determination of the model order M.

Among several methods proposed, we empirically found that the function
called Akaike information criterion (AIC) is the most practical one for order
selection. For AR modeling problems, AIC is given by

AIC(M) = N Ih | QM | + 2p
2M, (4)

where N is the total sample size, and | Q̂ j | is the determinant of the empirical
noise covariance for the model with order M. The signal is assumed to have a
normal (or Gaussian) distribution in deriving the AIC. The AIC is estimated for
each M, and the M-value corresponding to the minimum AIC is adopted to be opti-
mal.

Spectral noise signatures such as auto-power spectra (APSD), cross-power
spectra (CPSD), coherence (COH) etc., are derived from the parameters of the
optimal model*

There is another signature termed signal contribution ratio (SCR), which
is defined as
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SCR(f)£k - | H C f ) ^ |
 2 q k k/S £ iCf). (5)

^£ is the auto-power spectrum of the signal y. and q.. is the k-th diagonal
element of Q. H(f) is derived from the AR matrices as

M
H(f) « I - I A<m)exp(-j2HfmAt), (6)

where j "J^I and At is the sampling interval. The SCR characterizes the rela-
tive contribution of the source v^ to the signal yf, and is helpful in reveal-
ing the cause-and-effect relationships between the signals. In a two-variable
system, for instance, if SCRj2(f) » SCR2i(f), one can reasonably infer that the
system has a simple unidirectional structure with input variable 2 and output
variable 1. However, the SCR estimation requires mutual independence of the
noise sources, i.e. diagonality of the Q matrix.

3. DEVELOPMENTS IN THE METHODOLOGY

Moment Analysis of Signals

The input data should satisfy the condition of stationarity. Although this
condition is required in most techniques of random data analysis, the assump-
tions are not always satisfied. In addition, the signal should have a normal
distribution for information extraction by the AR-method and the AIC. These
conditions are examined by estimating the moments of the data up to the fourth
order.

Stationarity of the data is determined by comparing the values of moments
obtained for consecutive subsections of the data. Normality is determined by
comparing third- and fourth order moments with their theoretical values*

Elaboration of Order Selection Procedure

Although the order selection by AIC is quite helpful, supplementary cri-
teria should also be applied. To explain this, we introduce an incremental AIC
function as

AAIC(M) - AIC(M) - AIC(M-l)

2p2 = N Jin 1^ + 2p2. (7)

Here we also define AR^ * 1 - R

We call ARm the generalized variance reduction ratio. In the AIC minimization
procedure, optimal order M is selected so that the condition [AAIC(M) < 0 and
AAIC(M+1) > 0] holds.

Equation (7) indicates the relationship between N and the statistical
significance of a ARJJ value. When N is large (e.g. 10^), a small reduction in
the variance (e.g. ARJJ * 10"^) caused by increased model order is significant
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frora the statistical viewpoint. However, the precision in measurement is not
always high enough to make such a small ARJJ significant.. A lower limit of
ARM should be imposed from the error propagation analysis when the measurement
error is not negligible.

Another restriction of order arises from the ambiguity of empirical
covariance C(k). In order to get model parameters (A(m): vfl, 2, ..., M}
C(k) must be estimated up to C(M). It is known [6] that (M/N) must be less than
£r2, where er is the desired standard error in the estimated spectrum.

Model order selection by AIC must be accompanied by additional criteria on
ARj^ and M/N. By the combined criteria, the autoregressive time series analysis
becomes applicable for wide range of N value. In cases of reactor noise
analysis, the restriction on (M/N) value is usually sufficient.

Validation of SCR Analysis

Estimation of the useful signature SCR requires the diagonality of the Q-
matrix. From empirical analysis, we have observed that this condition is often
violated tc some extent in practical reactor noise analysis. A conventional
technique of diagonality checking has been used by others [2], in which normal-
ized values of the off-diagonal elements are examined. However, this technique
is too subjective. To estimate the effect of non-diagonality, we introduce the
following orthogonal transformation of the Q matrix [See ref. 7 for a detailed
description]:

R = BQBT . (8)

The matrix B is selected so that the matrix R becomes exactly diagonal. The
modified SCR function is defined as

SCRM(f).k = | G(f).k |
 2 rkk/S..(f), (9)

where r ^ is the (k,k) element of the R matrix,, and G(f) is defined as

G(f) = HCf)"^ 1. (10)

The difference between the values of SCR(f) and SCRM(f) is a measure of
validity of the SCR function estimated by neglecting the off-diagonal element in
Q. If the off-diagonal elements are not influential, the difference between the
SCR and SCRM value must be very small.

4. APPLICATION TO BWR MONITORING

Noise data from an 1100-MWe BWR-4 were collected and digitized using a
sampling interval of At = 0.1s. Before analyzing the data by the time series
modeling method, the stationarity and normality of the data were confirmed.
Twenty-eight blocks of data, each containing 512 samples, were analyzed. One
set of data had three signals, the average power range monitor (APRM), total
core flow (We), and reactor pressure (Pr). To see possible time dependence of
noise signatures, the data were divided into seven consecutive sections, of
204.8s each.
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Cause-Effect Analysis

Six of the seven cases resulted in similar APSD patterns (referred to as
the "usual" case), while the APRM signal of one case showed somewhat different
APSD (referred to as the "unusual" case). Figure 1 compares these APSDs and SCR
functions from the pressure to the APRM. The unimodal APSD of the usual case is
distorted by an additional peak from 0.1 - 0.2 Hz. The SCR is almost negligible
in the usual case, while noticeable contribution is observed from 0.1 - 0.2 Hz
in the unusual case. Contribution from the other variable remained unchanged in
all cases. Therefore, as far as this set of variables is concerned, we can
reasonably infer that the pressure change is responsible for the APSD change of
the APRM signal. Coherence functions for these signals also indicate that
dependence among these signals differs significantly between the usual and the
unusual case, as shown in Figure 2.
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Fig. 1. APSD of APRM and signal contribution ratio from pressure to APRM
(a) — usual case, (b) — unusual case.
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However, identification of the cause of the change by the coherence func-
tions is not possible unless a knowledge of the SCR functions is provided.
These results clearly show the usefulness of the SCR analysis in deciding the
cause of a change in the property of the observed signals.

Short-Term Monitoring

In practical application of surveillance and diagnostic techniques, it is
possible that the number of available samples is insufficient due to experimen-
tal conditions, or due to non-steady operation of the nuclear plant. When this
occurs, a technique applicable to a small number of samples must be useful. The
AR modeling techinque is applicable to data with relatively small number of
samples (e.g. less than 1(P) when used with the proper criterion for order
selection, as discussed before. This capability suggests the possibility of
surveillance/diagnosis computations with higher repetition rates. By using
the short-terra, frequent monitoring, it might be possible to detect signature
changes that occur randomly and last for only a short time interval. Figure 3
shows a time dependence of two signatures, peak frequency fp and peaking factor
Pf, obtained for APSD patterns of the APRM signal. The peaking factor is
defined as

, Nf
P = APSD(fD)/APSD , where APSD = ±- I APSD(f.) (H)
r f i=l X

The peak frequency is the frequency corresponding to the maximum APSD amplitude.
Pf is a measure of the stability of the process which generates the observed
signal. The higher Pf (less stable process) is associated with higher fp, and
vice versa: this relationship is consistent with observations obtained from
detailed physical simulation of BWR dynamics [8]. The cause of this time
dependent change can be studied by examining the SCR functions.

Stability Monitoring

The present method was also applied to extract information about the stabi-
lity of the BWR. Using the AR model, the impulse responses of observed signals
were estimated. These patterns were usually in the form of a damped
oscillation. Stability indices such as damping factor Df and natural frequency
fn are calculated from the impulse response. The damping factor is defined as

D£ = sin 0 , 0 = tan 1 [ ^ A n ^ / A ^ ] (12)

where Aj and A2 correspond to the absolute amplitude of the first and second
extremum respectively. The value of fn is estimated from the period between
the two extrema. The time dependency of the Df values, each corresponding to
204.8s record, is given in Figure 4. The behavior of the Df is consistent with
that of Pf and fp in Fig. 3, since a higher Df implies higher stability. The
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estimated values of the natural frequency fn is in the range 0.55 HZ - 0.65 HZ,
which are higher than the peak frequency fp obtained from the APSD curve. This
method of estimating stability parameters directly in the time domain avoids
difficulties such as nonlinear minimization, choice of frequency range and
choice of number of spectral points associated with transfer function fitting [9],
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5. CONCLUDING REMARKS

A time series modeling procedure has been developed for analyzing reactor
noise data. The information extracted from the data is validated by examining
statistical properties of the data with the developed algorithms.

Application of the method to noise data from an operating BWR show that the
multi-signal model can be used for interpreting the cause-and-effect nature of
the process variables, for identifying disturbance sources, and for monitoring
changes in stability that occur over both short and long periods of observation.
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ABSTRACT

The wide range of claims about the comparative risks of energy
technologies is due as much to the immature development of the risk-
assessment trade as to the scarcity of health and accident statis-
tics. The risks of different systems often are not only compared
inconsistently, but are calculated in a manner inappropriate to the
decisions being made about energy technologies. Without a carefully
constructed and agreed-upon framework for tabulating risks, it is
possible to come to nearly any conclusion about comparative hazards.
However, adherence to a few straightforward rules (some borrowed
from financial accounting) is sufficient to ensure consistency.

INTRODUCTION

Many obstacles lie in the path of anyone attempting to do technological
risk analysis for there is, as yet, no standard method, no agreed-upon tech-
nique, that can be confidently applied. A perusal of the rather large library
on risk will reveal no set of procedures and no consistent group of initial
assumptions with which to operate. Consequently, the potential for abuse is
large and, indeed, many quite divergent conclusions, each of which purports
to be the result of a "risk analysis", can be found in the technical as well
as the public press [1-5]. This inconsistency is, I believe, the reason for
a growing uneasiness about the value of risk analysis as a policy tool [6].
As a first step toward making risk analysis more reliable, this paper outlines
some of the necessary characteristics of a standard method. Although there
are many other kinds of environmental risks enhanced by many different tech-
nologies, the examples are drawn from human health inputs of energy
technologies.

Risk, a Review

Risk, as it is usually formulated, is a combination of an adverse conse-
quence (C), e.g., death; and a probability (P), e.g., one in a million:

(1) C x P = Risk

This alone is not very useful, however, since the risk of dying has always
been very close to 100% for most people. Much better is to consider the risk
per unit of some measure that can be used to provide a common denominator for
comparison among different risks:

(2a) Consequence (C) x Event (E)
Event Common Denominator (D) * ST),E
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Time, for example, provides such a common denominator:

(2b) Deaths x Car Crashes m Deaths from car Crashes
Car Crash Hour Hour

With such a denominator, it is possible to compare the risks of different
modes of accomplishing the same purpose—in this case, transport. Other
common denominators are possible, of course, and risks can be tabulated as
deaths per mile, per passenger, per passenger-mile, per gallon of fuel, and
so forth. In this paper, the process of identifying the appropriate E and D
is called "risk accounting." Of course, in most systems of Interest there
are a number of relevant activities, often connected in a complicated way.
For example, electricity production is an industrial effort composed of hun-
dreds of activities about which information is available in many forms.
These must be combined in a way that leads to a meaningful total risk. The
risk accountant must understand the system well enough to be able to divide
it into a series of sub-activities that together comprise the entire process
of electricity production without leaving gaps or overlaps (double counting).
The analyst must choose the Ds and Es in such a way that they cannot only be
combined easily but so they fit the available information about Consequences
(C T E) and Probabilities (E -f D). Thus, the analyst must be familiar with
inter alia the health literature, industrial accident statistics, and air
pollution emission factors so that existing data tabulations can be used.
Often new formulations of the data are needed as well (conversion of train
haulage statistics into crew deaths per ton mile, for example). The actual
calculation of the risk within the accounting framework—the finding, modify-
ing and estimating of the numbers that go into Equation 2—is called risk
estimation in this paper.

Impact per unit time or other denominator is not enough, however, for
final use in public policy decisions because one risk is not just like
another. Some kind of weiguting factor (W) is often applied, implicitly or
explicitly, to the equation in order to arrive at a risk suitable for compar-
ison with other risks:

(e) C/E x E/D x W = —-,, n IT

Consideration of this weighting factor has occupied much of the risk
literature for it is fascinating to study how human perceptions of risk alter
under different circumstances {7]. A list of variables that affect the weight-
ing of risk would include:

— Whether the risks are voluntarily or involuntarily borne;

— Whether the risk is composed of very large but infrequent or small
and frequent events;

— Whether increased uncertainty about a risk makes people more wary of
it;

— Whether naturally occurring risks can be used as a yardstick to
determine some maximum acceptable risk for human activities;
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— Whether consequences of completely different sorts can be made
commensurate, e.g., whether considering a death as 6,000 days lost
is a proper way of adding deaths with lost days from illness and
injury;

— Whether equity considerations should play a part since risks occur
unequally among people of different places, incomes, races, sexes,
nationalities, etc;

— Whether it is appropriate to discount risks that occur in the future
as is the practice in economic analyses.

From this incomplete list it is easy to see that the weighting factor
depends in a complicated way on many considerations:

(4) W = f (C, E, D, Jt, J2 Jn)

In this paper, the steps beyond risk accounting and estimation which involve
developing and applying a weighting factor, are called "risk evaluation" [8].

The intent of this paper is to show that, in spite of (or possibly as a
result of) the literature's focus on the weighting factor 19], the most
glaring limitations of risk analyses are not in this area but are due to the
poor formulation of the appropriate denominators, the standards of comparison,
D and E in Equation 3. In other words, the greatest immediate potential for
improvement of risk analyses may come from developing a standard method for
risk accounting and not in further refinement of risk evaluation or estimation.

It will not be possible in this space to treat completely all of the
problems of risk accounting let alone those of risk analysis as a whole. Nor
do all of these problems have solutions readily available. As in finance,
the accounting method for risk depends somewhat on the question asked, but
there are also a number of pitfalls common to nearly all accounting frameworks.
What follows are discussions of several of the most frequently made errors in
risk accounting and proposals for correcting them. Just as accounting errors
can lead to improper comparisons of financial conditions, risk accounting
errors lead to gross misrepresentations of comparative risks and their elimi-
nation would greatly improve the usefulness and consistency of risk analyses.
The rules of thumb proposed here draw upon the experience of financial
accounting and are steps toward a standard method for risk accounting.

1. Net and Gross

Discussions of risk often begin with a statement that every human acti-
vity has some risk associated with it and that the purpose of risk analysis
is to provide a means by which the risks can be compared [10]. Since people
will be doing something in any case, this statement implies that technologies
cannot be fairly compared by gross risks but only on the basis of the net
risks produced by them. This is so because we are usually interested in
examining the incremental impacts on society of possible technological paths.
It is not reasonable, for example, to account to an electric-power plant the
risk of dying from a heart attack while watching an electric TV set. This
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risk is not an incremental one—the heart attack would probably have occurred
in any case. Since every activity has a risk associated with it, great care
must be taken to make sure that tht activity is a valid one to account to the
technology and that the tabulated risks do not include risks of activities
that would have occurred anyway. This may sound straightforward, but in
essentially all analyses, the rule of net risk has not been followed.

In most cases the procedure has been as follows: the public risks from
technological damage such as air pollution are calculated for each step of
the fuel cycle necessary to produce a particular output of energy. The occu-
pational impacts such as industrial accidents associated with producing this
much energy are also found. What is implied in most analyses and explicit in
many is that the occupational and public risks are to be added together to
arrive at a "total risk" 14, 11, 12].

This procedure can lead to a great distortion in the risk ranking of
different systems. This is so because occupational risks are gross risks,
not net risks. Public hazards are, in general, incremental, i.e., they are
added to whatever risks existed before. In the terminology used here, they
are net risks. Occupational risks, on the other hand, are not incremental.
They are substituted for the risks the workers had before. They are gross
risks [2].

Take the cases of coal and nuclear power. Per modern worker, there is
not much difference in risk between coal and uranium mining although there
are many fewer miner-hours needed per unit of energy produced in uranium
mining [13]. Thus, in the usual way of risk accounting, the risk from coal
mining is much greater for the same energy output. This is not a direct mea-
sure of incremental risk, however, for it actually measures the labor inten-
sity of the processes. The procedure confuses labor productivity with labor
risk. Since the workers will be working somewhere in any case and all occu-
pations (even unemployment) have a risk associated with them, it is also
necessary to determine the risks where they would otherwise have been working.
The net risk would then be the difference. In lieu of this information, we
could subtract some average risk for the occupational class, mining for
example, or an average for the region or nation. This would mean that, in
some cases, there could be a net negative risk associated with the occupa-
tional category when jobs are created that are less risky than the average.

Failure to use net risk penalizes systems because of the number of jobs
they create. It makes as much sense as arguing that Denmark is poorer than
India because Denmark has a smaller GNP. To a first approximation, humans
and then normal daily activities are the independent not dependent variables—
they are not created or destroyed when we build a power plant. Thus, when
occupational and other related impacts (such as those from boom towns) are
tabulated, care should be taken to ensure that net, not gross impacts, are
considered.

2. Internal and External

To tally up the risks of making a unit of energy, it is necessary to
account for all of the processes that went into making possible the actual
delivery of energy—the whole fuel cycle. Each fuel-cycle facility requires



-306-

labor, energy and materials and, consequently, produces public and occupational
risks. So much is clear and easy to agree upon. However, these facilities
must themselves be built before they can take part in the fuel cycle and so
the inputs to the construction of each must also be included. The tools,
materials and energy used in construction also are the result of processes
further back in other chains, which in themselves use more energy, labor and
so on. At each step the contribution to the primary processes become more
remote and smaller. Various forms of secondary accounting procedures have
been applied to inquire into the total materials and "net-energy" committed
by a technology [14-17]. Risk accounting depends on such secondary physical
accounting so that it can then apply the public and occupational morbidity
and mortality data that are linked to the industrial activities connected
with processing materials and energy. (In this sense, risk accounting is
"tertiary accounting.") This kind of accounting is becoming increasingly
important as renewable energy systems are considered because, in comparison
to the conventional large-scale fossil and nuclear systems, a much greater
proportion of the inputs will be created during the construction and fabrica-
tion stages [18].

It might be possible to trace every one of these chains back to some set
of primary inputs beyond which accounting is not necessary. It could be
argued, for example, that primary inputs for materials are those that come
from the ground or are otherwise borrowed directly from nature (iron ore and
atmospheric oxygen, for examples). Thus, It isn't necessary to trace the
risks from earthquakes and volcanoes associated with the geologic processes
that produced iron ore. For labor, on the other hand, the primary input is
considered to be the human time itself—worker hours. It isn't considered
necessary to determine the inputs and associated risks of maintaining or
"constructing" a human—the labor, energy and materials inputs to the family,
for example. These are what might be called "natural boundaries."

However logical this "process analysis" might be conceptually, it is
often unrealistic practically. The analyst is soon led into a labyrinth of
interconnected spirals of materials, labor and energy requirements (as well
as other resource requirements such as water, land, capital, clean air and
so on). It may turn out that a little bit of nearly every sector in the
economy is part of one of the chains of inputs that is required to produce a
unit of energy. The analyst is soon frustrated by the geometrically increas-
ing number of data, each of which only contributes a very small addition to
the total resource requirements and risk. It is tempting to draw artificial
boundaries somewhat in advance of the "natural" ones in order to save time
and effort: to include, for example, the energy, labor and iron ore used to
make steel but not the amounts of the same inputs used to construct the steel
mill. It is hoped that, while imperfect, the method does not introduce an
error that changes the final result substantially. Since the contribution
from each step that is far back along the chain from the energy fuel cycle
itself is comparatively small, there is some point where inclusion of the
additional steps that would be necessary to go all the way to the "natural
boundary" would not improve the answer by more than a few percent and prob-
ably less than the uncertainty in the numbers as a vhole.

The problem with these artificial boundaries is that they have often been
arbitrarily applied [3]. Each analyst draws them in a unique manner and often



-307-

they are not even consistently drawn for different chains within one analysis.
It becomes unclear exactly how comparable one analysis is with the next[2].

Economic accounting developed Input/Output Analysis (I/O) to handle the
boundaries problem. (See, for example, ref. 16). I/O is usually accomomplished
with monetary flows although physical I/O tables have also been constructed.
I/O does not eliminate boundaries but does attempt to consistently account for
everything within the boundaries. The boundaries for a national I/O table
typically include the two mentioned above plus one other—the national border
itself. Normally the mix of inputs and outputs associated with foreign-manu-
factured goods is not disaggregated. All foreign goods are taken together as
one sector.

I/O is as exact a means as one could reasonably expect for secondary
accounting. Once the incremental changes in economic activity or physical
flows have been determined via I/O for a contemplated change in technology,
then the incremental risk could also be found by determining the risk per unit
of activity and assuming that the incremental change in output will cause a
commensurate change in risk for that sector. Unfortunately, I/O has many
practical limitations—usually the data are kept in awkward categories and
are too old, to mention only two.

Thus, process analysis is probably preferable in most cases. Its useful-
ness would be greatly enhanced, however, by a set of guidelines that allowed
the analyst to draw boundaries different from the natural ones in a way that
had been agreed upon by others and did not significantly distort the final
result. The suitability of such guidelines could be verified in a few cases
by comparing the results achieved by application of these rules with the more
complete results obtained through I/O. Alternatively, it i possible to de-
pend on process analysis for the major steps and I/O to "capture" all the
side chains.

In conclusion, all accounting leaves something out; implicitly or expli-
citly there are boundaries to what will be included. The extent of these
boundaries should be explicitly stated in advance of doing risk accounting
and deviations from the boundaries should be pointed out and justified. Uni-
formity of boundaries should be sought within and among analyses.

3. Marginal and Average

There are two general purposes to which a risk analysis, or any second-
ary analysis might be put. The analysis may either be designed to uncover
the present impact on society of a particular technology or it may be designed
to predict the impact of the next facility to be built. The first helps
sharpen our understanding of technology's role in society while the second
helps in the choice among future technological paths. Each purpose requires
an accounting procedure that defines its spatial boundaries carefully and
utilizes net, not gross risks, but the two purposes demand different sets of
temporal boundaries for their accounts.

Most risk analyses are employed to serve the second purpose—to compare
the incremental impact of alternative technologies proposed to accomplish the
same general purpose. Most data about impacts, however, are tabulated for the
average system now in use, not the system about to be built, the one at the
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margin. In many cases, the difference in risk between the marginal and average
facility can be substantial. In the coal f >1 cycle, for example, the risks
characteristic of the past are not associat .̂. with facilities being built today.
This is true for several reasons:

a) Changes in health and safety regulations have greatly affected this
industry in recent years. For example, in the USA the number of fatal acci-
dents per million worker-hours in coal mines and the average level of emis-
sions from U.S. power plants has decreased in recent years £19].

b) For impacts that involve a long latency period between insult and
injury or are the result of a cumulative exposure, even present data are not
representative of the true impacts from present facilities. Present injury
rates are reflective of past exposures. (See, for example, ref. 20 for the
case of U.S. coal-mine dust levels). Latency periods can also complicate the
interpretation of epidemiological studies of air pollution and other public
and occupational insults.

c) New facilities are different from old ones. No one builds coal mines
and power plants the way they used to be built. This is true partially be-
cause of improvements in technology, but also because there are special raeu-
lations that apply only to new facilities. For example, the U.S. New Source
Performance Standards for air pollution emissions are much more stringent than
the controls imposed on older plants. Siting requirements are much more exact-
ing than they have been in the past, as well. These regulations apply to the
marginal system but not the average. In addition, new facilities tend to be
better at meeting the regulations that affect all facilities because it is
easier and cheaper to make adjustments during design and construction than i*-
is to retrofit.

These types of considerations apply to all kinds of technologies, although
many are not changing as rapidly as are coal technologies. For those systems
where change has been less rapid, failure to discriminate between the impacts
of average and marginal facilities may not significantly distort the risk.
The analyst must show that this is the case, however, before average figures
are used in the accounts.

Risk analysts are usually and understandably reluctant to project risks
very far into the future. They would prefer to use data from existing systems
but should do so only for the newest of the present systems in those technol-
ogies where rapid change is occurring. This does not mean, however, that it
is necessary to throw out all the old information. Significant pieces of the
older data on impacts can often be used where conditions have not changed. In
addition, the best source for one half of the risk equation (Equation 2) comes
from old information. While coal technology, for example, may be changing
rapidly, human responses to the type of insults produced by coal are not. Thus,
the past provides the best dose-response information (Consequences/Event of Eq.
2) necessary to predict the Impacts of future technology. In the case of Black

There has also been a shift in productivity (fewer tons per worker-hour,
ref. 13) but, as explained above, net risk accounting is less sensitive
to changes in productivity than is gross risk accounting.
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Lung Disease, for example, epidemiological studies have provided estimates of
the effect of coal dust. This information can be combined with the source
term (Events/Common Denominator in Eq. 2), which in this case, would be the
present dust levels in order to determine the projected risk. (Cases per
worker-year, for example). This fairly obvious public health practice—
separating past information into dose/response and source terms—is often lost
in the shuffle of risk accounting.

4. Actual and Intended

The best laid schemes of legislators and planners go oft astray. Merely
because there are regulations dealing with health and safety does not mean
that they will be obeyed. Thus, both the pattern of regulation and the pattern
of compliance must be considered. This works in both directions. In nuclear
power plants, for example, the routine radiation doses to the public and
workers have normally been well below the allowable levels. If this continues,
accounting based on regulations alone would inflate the true risk. In other
situations, of course, regulations are routinely disobeyed and such an account-
ing would underestimate the risks. While the analyst may be tempted to assume
compliance because it greatly simplifies the task, such assumptions should be
carefully examined to make sure that they don't distort the results, both by
misrepresenting the true risks of systems and, more importantly perhaps, by
distorting the risks differently from one system to the next. Such assump-
tions should also be faithfully reported as part of the final accounting of
risks.

5. Apples and Oranges

Society is not only interested in evaluating improved versions of estab-
lished technologies but also in understanding the impacts of new and different
technologies for which no data are available. In this case, the best available
means for accounting is by analogy. A new system can be broken down into com-
ponents each of which is constructed and operated in ways similar enough to
existing systems that data about present systems can be used as the basis for
prediction. One could reason, for example, that constructing a power tower
for a solar power-plant would be a similar activity to constructing a bridge
or skyscraper. Thus if this is true, the risk of construction should also be
similar [20].

Establishing the proper analogy is only part of the task, however. Once
this has been done, it is necessary to determine the appropriate measure by
which to scale the analogy. What characteristic, for example, of building a
skyscraper is the best one to use when carrying over the risk to a power
tower? What is the appropriate common event (E in Eq. 2)1 Is it deaths and
injuries per worker-hour, per ton, per dollar, per foot of height or what?
The relative risks probably never scale perfectly with any of these single
measures but some are undoubtedly better indicators than others. Occupational
risks are usually scaled by worker-hours but before this can be done there
must be some determination of the quantity of labor—worker-hours per ton, for
example. Public risks from air pollution can be scaled by the ton of material
in the hope that air and water emissions as well as the risk of freight trans-
port scale best with mass. It would be interesting to test how well such
single measures predict risk by performing a retroactive risk accounting by
analogy for a system that now actually exists.
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In this task more than many others, the skill, experience, integrity end
industry of the risk analyst are tested. The analyst must understand the new
technology well enough to be able to break it down into parts that don't over-
lap or leave gaps. Each part must be similar enough to an existing category
of activity so that the analogy is fair. The scaling factors must be reason-
able. In all cases, the analyst must leave a well-marked trail so that those
who care to follow can themselves retrace the steps and judge the decisions
that have been made.

6. Meat and Potatoes

The purpose of a risk effectiveness analysis is to compare one way
of accomplishing some purpose with other ways. In energy systems, for example,
studies often compare the risks of producing some standard amount of energy—
one gigawatt-electrie-year, for example [4, 4, 12]. Thus, each system is
scaled accordingly, so that its risks represent the production of the chosen
standard amount of electricity. Construction and dismantling risks are pro-
rated over the expected lifetime output of the facility.

Electricity from one plant, however, may not be the same as that from
another. Reliability, daily and seasonal distribution, and geographic site
may be very different from one plant to the next. One plant may be designed
for base-load operation while another may be suited to peaking. To compare
simply on the basis of the total energy equivalence may not actually repre-
sent the relative value to society of electricity from different plants.

If even electricity cannot be easily compared from every source, there is
little hope for a reasonable direct comparison of the risks of producing en-
tirely different fuels. A gallon of gasoline may have the same thermal
energy content as thirty-seven kilowatt-hours of electricity but there is little
overlap in the purposes to which these two important fuels are put. Heat and
potatoes are both foods and can be measured in common units but no single phy-
sical measure can be used to place them on a scale that would mark their rela-
tive values to society. It is not true to say, for example, that a pound of
each or 2,000 Calories of each is the same. Similarly, different fuels which
are not directly substitutable (and most aren't) must be treated separately.
Risk comparisons might be done on the basis of an equal amount of liquid fuel
or electricity or whatever, but attempts to compare meat and potatoes directly
should be avoided.

The only reasonable way in which two different fuels can be compared is on
the basis of the final task performed—heated houses, auto passenger kilometers,
for example. In fact, such common denominators are probably almost always more
appropriate than energy, which is so often cavalierly applied as the universal
common denominator.

7. Babies and Breadfruit

Risk analyses sometimes include an accounting of risks entirely different
from those that are the subject of study. In an attempt to provide a compari-
son of the absolute levels of risk experienced in society, the risks of energy
production are sometimes compared to those of being struck by lightning, crash-
ing in a plane, being killed on the highway and so forth [21]. Strictly, this
is part of a phase beyond risk accounting—risk evaluation. It deserves



mention here, however, because it illustrates an extreme case of the common
denominator problem. As we have seen, finding common denominators (D in
Eq. 2) for fairly similar activities such as different energy production sys-
tems is not an easy or unambiguous task. To attempt this operation for com-
pletely different types of activities is very much more difficult. How does
one, for example, compare the risk of being killed on the highway with the
risk of an energy system? Should it be on the basis of worker-hours plus
person-hours of pollution exposure compared to worker-hour plus passenger-
and pedestrian-hours of transport, or on the basis of economic activity, or,
perhaps, on a yearly basis?

Of course, even if a common denominator can be found, a risk assessment
procedure must demonstrate the relevance of the comparison. If tonsillecto-
mies, for illustration, are less dangerous per hour than open-heart operations,
it doesn't necessarily mean that the latter are too risky or that hospitals
should be encouraged to remove more tonsils and open fewer hearts. Nor does
it mean that a particular energy system is acceptable merely because it is
less dangerous than a tont>i.llectomy. The societal benefits of these three
activities are so different that: direct comparisons of their risks are nearly
meaningless.

8. Uncertain and Unknown

Risk analyses produce numbers which, like most other numbers reflecting
the physical world, are uncertain. Uncertainty exists because of the statis-
tical nature of the actuarial information—the standard deviation associated
with deaths per worker-hour, for example. It also exists because of uncer-
tainties in our knowledge—the best estimate and range of uncertainty of the
number of cancers per person-rem or the exact manufacturing process to be de-
ployed for photovoltaic cells, for examples. The two kinds of uncertainty r ~e
combined together linearly in typical risk analysis to produce a range for
each final estimate. This range cannot be treated as a purely statistical
one. It is usually a poorly defined and unsystematic function of too many
things. For example, in a perversity of the actual meaning of uncertainty,
those systems for which the least is known often appear to have the smallest
range of uncertainty in the final estimation [22]. This results from the
small number of data available for the activities making up a new, untried or
uncommon system. In addition, there are risks for which there are essentially
no quantitative data available and yet may be dominant in the end—CO- and
climate, plutonium and proliferation are examples.

A risk analyst should make sure that the sources of uncertainty are made
clear and that the final reported range of uncertainty is commensurate with
actual data base. This means that those systems with the fewest data should
have the widest not narrowest range of uncertainty associated with their
estimated risks.

Summary: Rules of Risk Accounting

Risk accounting procedures should be designed to tabulate:

1) Net not gross risks because it is the incremental change due to a
technology which is usually of concern;
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2) Activities within "natural boundaries" or within boundaries that
have been tested to show that they treat different systems equally;

3) Marginal not average risks because risk analysis are usually de-
signed to aid in the choice among present technological alternatives;

4) Risks in a manner in which unstated assumptions have not been made
about future compliance with government and safety regulations;

5) Risks for new technologies that are based on realistic analogies
with existing systems and verified scaling factors;

6) Risks for technologies that have truly comparable outputs;

7) Risks on the basis of reasonable and verified scaling factors when
comparisons are made with activities in society that are not directly
commensurate; and

8) Risks in a way that illustrate the range of uncertainty while dis-
tinguishing between the uncertainties due to statistical and
conceptual sources, reporting ranges commensurate with the data
bases, and reminding the reader of the most worrisome of the risks
left out completely.

Conclusion

It is hoped that the foregoing discussion of some of the problems of risk
accounting will provoke the comment and criticism that will eventually lead to
a standard method for risk analysis. Only when such a method is developed and
accepted can the use of risk analysis be justified as a means of sorting out
the conflicting and confusing characteristics of society's relationship with
technology.
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ABSTRACT

An evaluation of nuclear energy as it relates to alternative
sources of electric power generation is presented. Citing Duke
Power Company's Oconee Nuclear Station, the nuclear option in the
past was the obvious choice. Today it is still the preferred
alternative both economically and because of increasing
environmental concerns over other energy alternatives. Public
acceptance of nuclear generation, following Three Mile island,
remains a significant hurdle in its path.

INTRODUCTION

An economist has been defined as one who is uncertain about the future,
and hazy about th? present. This is not a bad definition for a power system
planner, either, because it pretty well describes his position today with
regard to generation planning. From the naze of uncertainties which envelopes
system planning today, it is not always easy to identify those parameters
which are most significant, and which will have the greatest impact on the
future.

It is obvious, however, that the need for large central generating
stations will continue. While we certainly have no argument against, and,
ind<ed encourage, co-generation, solar energy, and other site-oriented power
sources, there is no way these will replace firm central-station generating
capacity. Conservation is great, and we have special rates to promote it, but
conservation has yet to generate a single kilowatt. We see the role played by
these alternatives as the means to defer the addition of large central station
units, not to replace them; and the benefits which accrue to the utility from
those efforts may be substantial.

It may also be stated categorically that the construction of any central
station generating facility today is both risky and costly. Much of both the
risk and cost is inherent not in the technology of the facility itself, but in
the regulatory processes and constraints. Further, we see only two viable
options for central station generation: nuclear and coal. A few years ago,
costs were strongly in the cor .er of nuclear, and risks were perceived as
manageable. Today, we still see costs favoring nuclear, and we stil\ perceive
those risks as manageable; but we also see an unfavorable political climate
which is continually becoming more burdensome. To put this all in
perspective, let us look at the options we experienced a few years ago, look
at them as we see them today, and with some temerity explore the future.



-315-

OCONEE: A CASE HISTORY

Duke Power Company's first nuclear unit, Oconee No. 1, was declared
commercial on July 16, 1973; it was followed on September 9, 1974, by unit
No. 2, and on December 16 of that same year by unit No. 3. Each unit is rated
at 871 MW net electrical, for a total plant rating of 2613 MW. During the
planning process, it was determined that the proposed Oconee nuclaar station
would break even with a coal-fired alternative if the cost of coal delivered
to the site were 19C per million BTU when the plant went in service. A quick
look at FPC Form 1 for the year 1973 reveals that the average cost of coal on
the Duke system in 1973 was 48.7C per million BTU; the choice of the nuclear
option was clearly justified.

Recently, the North Carolina Utilities Commission posed a similar
question to Duke: based on the experience with Oconee to date, what would the
costs have been if the Oconee units were coal-fired rather than nuclear? The
request by the Commission stated explicitly that the alternative coal-fired
units were to have the same net capability as the nuclear units, and that all
aspects of the plant, including the site location, were to be the same as the
existing Oconee facility except for the fuel type. Within the time frame
established for the response, a detailed, comprehensive study was not
possible, but using a few reasonable assumptions and actual data on Oconee, it
was possible to make a reasonable comparison. For instance, while the actual
cost of Oconee was $185.15 per kW, it was assumed an equivalent coal-fired
plant of the same rating would have cost $150 per kW, a figure dervied from
our experience with other coal-fired units installed in that time frame. The
coal-fired alternatives were assumed to have a net heat rate of 9000 BTU per
kWh; it was also assumed that coal cost at Oconee could be represented by
averaging the coal costs of two coal-fired facilities in the same general
area. Capital costs assumed for the evaluation were those actually
experienced during the construction period of Oconee.

The report to the Commission draws the following conclusion:

"...for the 1973-1978 six-year period, the out-of-pocket production
costs for the coal-fired facility would have exceeded the actual
out-of-pocket costs of the nuclear facility by $460,844,000. Owing
to the lower capital cost of a coal-fired facility and the liability
insurance required for nuclear rnits, the coal-fired units show a
savings not related to production costs of $55,300,000. It is
readily apparent that the additional cost of production of a
coal-fired plant far outweighs the savings in capital costs and
insurance."

The report then goes on to state that for the twenty-three year period,
1973-1995,

"...the sum of the total annual costs for the coal-fired Oconee
units exceeds the sum of the total annual costs of the nuclear units
by $3,364,200,000."

Licensing the Oconee nuclear station encountered no overwhelming problems
although the anti-trust provisions of the Nuclear Regulatory Act brought about
some give and take between Duke and public power entities. We had every
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confideace that the plant would perform well and be beneficial to our
rate-payers; and it has done exactly that.

THE OUTLOOK TODAY

There are several factors which muddy the waters today when one looks at
alternative sources of generation. Of course, the shadow of Three Mile Island
looms over all nuclear considerations. We do not know what the long-range
impact of that disaster may be. Jt certainly will increase nuclear costs
substantially as additional real or perceived safety measures are incorporated
into the plant design. We do not know what will be the ultimate resolution to
the spent fuel problem, nor is it clear what siting constraints may be imposed
on nuclear capacity.

But coal-fired units are not home free. The Ohio River Basin Energy
Study was commissioned, by the U. S. Environmental Protection Agency in late
1976 following a directive from the Senate Appropriations Committee for

"...an assessment of the potential environmental, social, and
economic impacts of the proposed concentration of power plants in
the lower Ohio River Basin."

This is generally referred to as the ORBES Study. Among the findings of the
study, we note:

"The primary sources of sulfates in the Ohio River Basin are power
plants burning high sulfur coal, within and upwind of the Basin."

"Under certain meteorological conditions sulfur dioxide emissions in
the Gulf Coast and TVA region contribute to the elevated sulfate
level in the ORBES region."

And then we come upon this statement with regard to radioactive flyash:

"There are criteria for the burial of radioactive waste in soil.
Applying these criteria for the burial of ash from a 650-MWe coal
plant, we find that within several hours of operation a single
quantity of solid waste has to be set aside for burial.
Furthermore, no more than twelve burials can be made in one year at
one location."

Taken at face value, this statement alone would pre-empt the construction of
any more coal-fired power plants. But throw in other environmental
constraints such as the New Source Performance Standards, and the logistics of
mining and hauling as much coal as will be burned in the foreseeable future,
and we wonder how anyone can build another coal-fired plant. Obviously, the
risk, in terms of societal and political implications, is high for any form of
central station capcity.

From an economic viewpoint, a fundamental difference exists between
nuclear and coal-fired capacity. Nuclear units require a high capital
investment at the outset and experience a relatively high fixed O&M cost, but
the cost of fuel is low. Coal-fired plants require less capital investment,
have lower O&M costs, but fuel cost constitutes up to 90% of the total
production cost, compared with between 50% and 60% for a nuclear plant. The
implication here is clear. During inflationary periods, the total production
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cost of a coal-fired facility will increase far «ore rapidly than will the
total production cost of a nuclear plant. If the cost of coal and nuclear
fuel escalate at the sane rate, therefore, the impact of inflation is much
greater on a coal-fired plant than on a nuclear plant.

Duke Power Company's McGuire No. 1 unit is scheduled to come on line
later this year. This is the first of two identical 1180 MWe nuclear units,
the second to follow the first hy about one year. It is anticipated'that the
capital cost of the two-unit plant will be around $648 per kW, and the total
production cost during the first year of operation is computed at about
8.7 mills perkWh. The corresponding production cost at the Belews Creek
Station, Duke's newest and most efficient coal-fired facility, which is
comparable with McGuire in size, is anticipated to be 15.5 mills per kWh, or
6.8 mills per kWh greater. We do not have a capital cost figure for a
coal-fired plant comparable to the capital cost of McGuire, but a little
simple arithmetic indicates that if the capital cost of the coal-fired
alternative exceeds $467 per kW, which it most surely would, the nuclear
facility would be economically attractive. Bearing in mind that in each
succeeding year the production cost differential becomes greater in favor of
the nuclear option, it is obvious that today a nuclear unit is still the
clear-cut preference in terms of cost.

Having indicated earlier that risks are high with either a coal-fired
facility or a nuclear facility, how does one attempt to evaluate them in terms
of making a decision, given that costs favor the nuclear option? We see
conflicting viewpoints: the President has said the country will depend on
coal, and will tolerate nuclear only to the extent it is required; environ-
mentalists say emissions from coal-fired plants are dangerous and
unacceptable; conservationists say no new central station facilities are
required, and that soft technologies will be adequate for meeting this
country's power needs.

From the standpoint of system planning, risk encompasses anything which
removes generating capacity from service when it is needed. Risk is measured
in terms of loss-of-load probability for the system as a whole. We perceive
the risk in nuclear capacity as stemming from other incidents such as TMI in
which pressure from all sources would mandate the shutdown of all nuclear
power facilities. Following TMI, it will take an extended period of good
nuclear performance to restore public confidence in that energy source, and
additional serious aberration could shatter it forever.

The risk in coal-fired capacity, on the other hand, stems to a large
extent from the availability of the fuel itself. We have witnessed a coal
miner's strike not too long ago, and saw coal supplies dwindle to near zero.
We have also witnessed railroad strikes when no fuel was hauled. And today we
are seeing considerable regulatory concern over meeting emission standards.
Weighing these alternative risks, we believe that given sufficient lead time
and adequate preparation, we can license, build, and operate a nuclear
facility. We are not convinced this is the case were we starting today on a
coal-fired plant.

Supporting this position, we are experiencing a change in the thrust of
the intervenors' contentions. The China Syndrome and nuclear holocaust which
were so much a part of the earlier emotionally-charged licensing proceedings,
TMI not withstanding, have now given way to concern about low level radiation
and spent fuel. These latter concerns can be argued objectively, and are
amenable to rational discussion. This is particularly true in terns of
nuclear waste which would cry for a solution even if all the power reactors in
the country were shut down today. There are so many other sources of
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radioactive waste other than the power industry, that we can predict
confidently an acceptable solution will ultimately be found, of which the
power industry will be a part. We believe the Three Mile Island incident in
the long run will have proved beneficial to the nuclear industry both from
what we have learned from it and from the exposure to the public. We tend to
lose our fear of things when we become familiar with them, even though our
familiarity may have a negative connotation. And goodness knows, the news
media has certainly seen to it that power reactors are constantly before us.

THE OUTLOOK TOMORROW

If Duke Power Company could stop all power plant construction today, and
never build another generating unit, our rate-payers and current stockholders
would be better off than under any other scenario. We know this is not to be,
so the next alternative is to s«ek ways to limit growth to a minimum. There
are a number of ways which we are exploring, and some are feasible and some
are not. But they all come under the heading of Load Management. Let us look
briefly at what impact load management may have on designing the power system
in the future.

In general, Load Management works in three areas: displacing load from
peak to off-peak periods; reducing the total load by higher efficiency
equipment, better insulation, and conservation; and by reducing peaks by
simply interrupting loads at specific intervals.

There are significant differences in the economics and impacts of these
alternatives. The first alternative, displacing load from peak to off-peak
periods, presumes the same amount of energy will be used in either case.
Capital investment for new generating facilities would be reduced, production
costs woulo be less for the same amount of energy produced, and revenue loss
would be at a minimum. This is the theory of time-of-day rates. The second
alternative, more efficient equipment, better insulation, and conservation,
pre-supposes less total energy consumption along with reduced peaks. While
less capital would be required for future generating facilities, the saving in
capital costs may be more than offset by the loss of revenue experienced by
the utility. Therefore, although the customer's total power bill may be less,
the unit price he is paying per kWh may ultimately be greater than he would
otherwise pay. The third alternative, direct control of loads during peak
periods, directly reduces the capital required for new generating facilities
without significantly reducing the energy requirements, and consequent
revenue, to the utility. However, the cost to implement this technique may be
higher for the utility than for the other load management techniques.

In terms of risk analysis and loss-of-load probability, the interruptible
load provides the most reliable system for a given amount of installed
capacity; and shifting loads from peak to off-peak provides the least reliable
system. Hence, the type of load management implemented on a given system does
have a considerable bearing on the amount of reserve generating capacity
required for that system. This is a complex field, and we caution against a
headlong rush into load management without the proper evaluation of its
implications. There is no free lunch.

Finally, a word about some of the less conventional means for generating
electricity. I have confined my remarks so far to central station generation,
but it is appropriate to mention other approaches where research money is
being spent. These fall into two general types: energy storage and energy
conversion. In the former, we find Solar of all types, storage batteries,
compressed air, hydrogen, flywheels, and underground pumped hydro. These may
be generally characterized as load management tools, and some will undoubtedly
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find useful application in the load cycle of the future.' In the area of
energy conversion we find ocean thermal energy, geothermal, tidal energy, and
wind. We see these as being highly site-oriented, and having little general
application. While giant windmills have a certain dramatic appeal, when
looked at realistically, they cannot compete with alternative forms of energy.
Their cost is very high — up to $10,000 per kW — and their application is
limited to areas where wind velocity is reasonably dependable. Similarly,
ocean thermal energy may find a suitable application in Puerto Rico or Hawaii,
but not in Knoxville, Boston, or San Francisco.

Much research money is being spent also in alternative fuels: shale oil,
coal gassification, coal liquification, refuse burning, biomass, wood, fuel
cells, and MHD. These are worth exploring, and some will yield substantial
benefits, but as in the case of energy conversion, they are highly dependent
upon a number of supporting factors, and cannot be looked upon as general
sources of energy in the near future. We note with a little whimsey for
example, the use of wood as a boiler fuel. Consider the public reaction as
ten thousand acres of forest land are clear-cut to provide fuel for boilers!

CONCLUSION

Utilities must have adequate sources of dependable energy. For the
foreseeable future, we see coal and nuclear fuels as the only viable means for
meeting this requirement. Both will be needed. Their risks are more in the
political than the technical arena, and their viability is dependent upon
reasonable regulation and a public understanding of all the costs and benefits
of each. Utilities must work at controlling growth so as to fully utilize the
facilities they have; they cannot afford the luxury of hoping some new
technology is just around the corner which will cure all their ills. The risk
resulting from inadequate planning is infinitely greater than the risk
associated with any given technology. In short, I would rather face the risk
of a China Syndrome than the risk of a Cold Feet Syndrome.
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COMPARATIVE RISK - BENEFIT - COST EFFECTIVENESS IN NUCLEAR AND
ALTERNATE POWER SOURCES : METHODOLOGY, PERSPECTIVE, LIMITATIONS

W. Vinck ; with contributions of G. Van Reijen, H. Maurer and G.VoLta

Commission European Communities
Brussels, Belgium - Ispra, Italy

ABSTRACT

A critical survey is given of the use of quantitative risk assessment
in defining acceptable limits of safety and of its use together with cost - benefit
analyses for decision making. The paper indicates uncertainties and even
unknowns in risk assessment in particular if the whole fuel cycle for energy
production is considered.

It is made clear that for decisions on acceptance of risk also the risk percep-
tion factor must be considered. A difficult issue here is the potential for low-
probability / Large consequence accidents. Examples are given, suggestions for
improvement are made and perspectives are outlined.

The opinions expressed do not necessarily reflect the views of the Commission
of the European Communities.

1. Approaches towards acceptability and acceptance of Risks

The question of acceptability of risk has been addressed by numerous authors,
as is also the different question of acceptance of risks.

The approach towards a systematic - rather than an intuitive - definition of
the acceptability of man-created risks, especially in a technologically developed
society bases itself on several components or modules. The outcome of this part
of the exercise serves as input into the ultimate module of actual acceptance by
society of the considered risk.

Such a modular approach has been adopted in fact, but under various forms,
by well known authors active in this area such as W. ROWE /~1 7 and H.OTWAY /~2 7.
The thesis I am advocating is basically three-fold with regard~to the methodoIogTes
applied :

1° To resolve the problem of acceptability and acceptance of risks in a
technologically developed society, one must apply methods that are equivalent
to .such an environment, thus apply technically complex methods which can
support - not necessarily determine - the judgements and decisions to be made.

2° There are unresolved problems, imperfections and limitations in all the
methods developed so far as to define what is acceptable , in other words to
define "how safe is safe enough", and what is (or can be) ultimately accepted.

3° In the choice between so-called / 3_7 economic methods and demographic
methods, I opt for the economic methods, because they are adapted to the
high technicality of the situation.

I shall admit this can be called a technocratic approach but I presume no one
Likes to fight fire-arms bare-handed.
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2. Choice between different methodologies

This implies that I advocate the increased use of (economic methods) :

1° quantified Risk assessment (Q.R.A.)

2° benefit assessment and cost-Risk-benefit balancing

3° evaluation of the cost-effectiveness of risk reduction
(2° and 3° being closely correlated) rather than (demographic methods );

4° the expressed prei'erences-method (based on public votes or polls)

5° life-expectancy method (show net effects in increase of life-expectancy)

6° risk comparison method

7° natural hazards method (show a small increase as compared to a natural
hazard)

The revealed preferences (voluntary/unvoluntary risks)-method developed by
CHANCEY-STARK in the early 70-ies, which can also be considered an economic method,
certainly had its value but the quantification is a bit too crude, although one has
to admit that an advantage is that the risk-component is not quantified money-wise
(the benefit component is).

Amongst the demographic methods, the risk-comparison method is - within its
category - perhaps the most responding to the modern needs of the evaluation of
the problem on hand. However approaches of the kind, e.g. reference / 4_7, appear
one - legged as they deal only with one aspect of the overall problem and further-
more compare risks which are sometimes too different in nature to be put into one
basket : e.g. as an extreme example flatly compare man-made risks with natural
hazards has relatively low merits as a yardstick, to say the least. A fundamental
reason that also leads me to favour the economic methods is that m> risk of death
or injury is acceptable, whatever the benefits, if it can be reasonably reduced :
acceptability cannot be separated from benefits and it ought not to be separated
from the ease or difficulty of reducing the risk.

Such a principle is e.g. applied more and more in the nuclear activities / 5_/
with regard to

- radiation exposure limits to the public at large and the occupational personnel
by the application of the optimization (A.L.A.R.A.) concept (I.C.R.P. publica-
tion 26, etc.)

- so-called "limit-values" or "target-values" or "Design bases values" applied
in safety-engineering.

In this context one can classify risks as follows :
- unacceptable, when the risk to the individual is too high whatever the benefits
to society;

- potentially acceptable, when the benefits might be seen to justify the risk,
but the risk can be further reduced by reasonably practicable means;

- acceptable, when it is proper to accept the risk because it has been reduced
to the point when further reductions would cause a decrease in benefit; i.e.
further reduction would be unreasonable.

Admittedly in assessments including the costs and benefits-concept, human life and
injury have to be given - implicitly or explicitly - a value that can be compared
with social and economic benefits. It is sometimes argued that no one can put
a price on human life; however both individuals and society, frequently though
not consistently, do put and implicit price on a human life in making decisions
about how they Live and what they do.
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3. Limitations and merits of economic methodologies.

As already mentioned there are imperfections and limitations in the various
modules of the economic methodologies as well.

Let me dwell on some of these, but at the same time pointing at the advantages.
In general, quantification of risk and of benefits is difficult for most and in
particular for large scale and new activities Cfailure-rate too Low). The uncer-
tainties of the figures is large for nearly all factors (probability of occurrence;
negative consequences of the occurrence in terms of release, fire, explosion, etc;
detriment resulting from the negative consequences), not only for the nuclear field,
where figures often result from predictive analysis, but also for non-nuclear
activities, where statistical data can be used. However, generally risk assess-
ment as such is a very cost-effective mean of risk reduction for installations
to be designed and for existing installations. Here risk assessment provides per-
spective and transparency of risks.

3.1. Quantified risk assessment.

One of the important incentives for quantitative risk assessment was the
introduction of large scale technology. There was no practical experience on
possible hazards of those installations. At the same time increasing scientific
capability (experts, methods, computers) led to the development of sophisticated
(mathematical) methods of risk assessment. It was in particular important to
perform such risk assessments for complex installations, where from the statistical
failure data of components the failure frequency of systems and of the whole instal
Lation could be calculated.

There has been a growing public demand for risk assessment, but at the same
time it became clear, that there were also doubts on the outcome of risk assessments
and there have been accusations, that they are used as a smoke screen to hide risks

There is general agreement that one of the important merits of risk assessment
is the detection of weak points e.g. in the design or operation of installations.
Measures to avoid such weak points or to reduce their negative consequences are
then mostly taken in a deterministic way (application of a higher safety margin
in the design, the use of components of a higher quality, redundancy, etc.)*
So risk assessment has contributed already by sheer application to risk reduction.

The main limitations in Risk assessment lie with the following factors :
a) The probability of an accident

Most accidents are finally caused by human errors or by unexpected e.g. common
cause failure, for which the uncertainty of evaluation is large. Examples in this
connection are given in the German Risk Study / 6_/, where it is proposed to replace
some manual actions, in particular in the case- of incidents or accidents, by auto-
matic actions of safety systems. By this replacement the probability of more severe
accidents can be diminished and at the same time the uncertainty in the accident
frequency evaluated in such risk studies can be diminished.

b) Negative consequences of accidents

It has to be observed that calculations of these consequences are based on
assumptions and data. It is tried to verify these assumptions and data by means
of experiments mostly on a smaller than the real case - scale, including therefore
scaling-uncertainties. The data and also the calculation models have an inherent
uncertainty, dependent of the experience with the type of installation or activity
in question.
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c) Detriment, in normal operation and in particular the effect of accident
consequences on human life

The reasons for this are :

- deficiencies in reliable statistical data on the causes of detriment '•
death or morbidity

- insufficient knowledge of dose-effect relations not only in the case of
radiation but also for chemical pollutants

- a lack of knowledge of cumulated risks from different causes Ce.g. it seems
that radiation risk is higher for smokers than for non-smokers).

3.2. Benefit assessment; cost-benefit-risk balancing

Also in judgement on benefit of activities some notions can be formulated,
which correspond more or less to the risk notions mentioned above :

a) probability of success of the activity

b) expected yield of the investment

c) societal consequences and values.

Generally the notions a) and b) are quantified and are considered as such in
decision making.

Societal consequences have been categorized by D. OKRENT / 7_7 in qualitative
terms in three broad areas as follows :

- essential to society e.g. supply of food, water, energy up to some minimum
level

- beneficial to society

- of peripheral value to society.

In most cases cost - risk - benefit balancing / 8_7 is applied by individuals,
organizations or institutions, which have to decide on activities to be undertaken
or on installations to be installed and operated. In these cases risks are covered
by the initiator or by his insurance company. Such cost - risk - benefit balancing
is based largely or corrpletely on quantitative considerations.

The limitations with this approach lie with the fact that risk and benefit
must be quantified in common units as the purpose is to demonstrate that a benefit
is equal or greater than the risk.

The difficulty here is many-fold as risks are hard to quantify in money-value :
what is the value of life or of injury, of loss of life-expectancy ?

Just for the sake of illustration it may be recalled that from the different
methods advocated to estimate value of human life (e.g. Socially acceptable premium-
concept, UK - Road Research Laboratory, HAYZELDEN, LEACH, MEL*NEK, etc) /~9, 1Q_7
a wide range between 2 20 000 and the order of 1 to 5 millions of t (e.g. in chemical
and pharmaceutical industry up to mns of t per life of employee saved).

In this respect, there is a difference also between the single and the multiple
casualty-case. Although there is no real difference in value of life between an
activity that kills 100 people one at a time over a 10-year period and one that kills
100 at a time every 10 years, society will prefer the former case because the latter
implies a high degree of disruption of the community (see also the elements effect,
severity and controllability in risk perception; section 5 of present paper).
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3.3. Evaluation of the cost effectiveness of risk reduction.

Evaluation of the cost effectiveness in risk reduction, in particular by means
of Supplementary) protective devices provides a useful feed-back to the previous
two modules.

It is in fact a differential (or marginal) cost-benefit analysis which is
concerned with maximizing the net benefit.

The limitations of this are identical to those of cost - risk - benefit
balancing , i.e. the money value of risks.

However it may be worthwhile to mention that some partial (technological)
approaches, avoiding money-values of risk, may provide a useful contribution.
An example of this is a study underway, under CEC-sponsorhip, in which for
PWR-plants the respective containment and associated systems (ventilation, filters,
spray) risk-reduction (e.g. in curies) contributions are expressed m of air
necessary to reduce the radioactive releases. Taking into account the cost contri-
butions of the respective safety systems one can then find a cost/risk-reduction
relation-ship and optimize the design, instead of applying the principle of
"safety regardless of costs".

4. Comparison of Risks from various energy sources.

Over the past years also more frequent efforts are made to compare the risks,
for instance per GWe produced, from various sources (nuclear, fossil and even
renewable) : e.g. FORD Foundation study; UK-HSE; INHABER-study; C.O.N.A.E.S., etc.

Once more it is my belief that such studies are, in principle, extremely
valuable as they put the various energy production means into reasonable perspec-
tive in a systematic way rather than just intuitively. This once more can indeed
contribute in providing ultimately a more solid base and possibly even criteria
for assessing acceptabilities and arrivingat actual acceptance through the appro-
priate decision making processes.

However, whilst strongly advocating the further development of such approaches
I recommend to consider in-depth and possibly solve a number of imperfections.

Let me highlight some important points in this respect :

1° The complete fuel cycle (minerals, fuel fabrication, transports, waste-
handling and management, etc.) associated with, say the production of a GWe-year,
is not necessarily dealt with in an equivalent way for all sources of energy
in each of its component steps. Furthermore if quantified assessments of risks
may at present be feasible with fairly reasonable error-bands determination for
certain parts of the overall cycle, for other parts this may be a difficult
exercise - to say the least - due to lack of usable input-data for the
assessment.

Let me give you just one or two examples of this :
- whilst a quantified risk assessment of coal-mining and-transport can indeed
use available statistical data, for the nuclear the assessment for those
parts of the cycle are certainly subject to a lot more educated guess-work
and uncertainties.

- another example : within the nuclear area more or less reasonable data are
available to allow in-depth quantified risk-assessments for NPP'S; on the
other hand - although it is being tried - it is much more doubtful whether
similar exercises can be reasonably applied to ultimate waste disposal,
e.g. in geologic formations.
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2° Comparisons of the sort are sometimes Limited to the risks of the occupa-
tional personnel and to the environmental impacts in normal operating conditions,
leaving aside the more difficult problem of predictive findings on impacts
from potential accident situation in the environment.

3° if one wishes to compare say nuclear power production with fossil power
production (coal, oil) basically all types of operation have to be compared :
i.e. varying from normal through faulty to extreme accident - conditions with
due regard to the frequency (probability of occurrence) and the consequence-
factors. This also ranges from technological problems (systems analysis, physical
behaviour of materials, chemical reactions, etc.) to radiations-effects and their
equivalent, i.e. toxic substances effects.

Furthermore, comparisons between radiations and toxic substances are hard
to establish as the chemical rad-equivalent appears still the subject of disputes
between experts.

4° If the analysis includes accident conditions, the basic assumption for non-
nuclear and nuclear and the accident sequence-methodologies are not necessarily
equivalent, let alone the fact that often predictive and statistical data and
analysis and statements based thereupon are inter-mingled and presented as if
they were fully equivalent.

5° a) For nuclear power production the uncertainties on the resulting (predictive)
risk values, in particular for low probability of occurrence large consequence
accidents is very large : in the WASH-1400 study / 11_7 they are estimated to be
of the order of 1/3 and 6 on consequence magnitudes and of the order 1/5 and 5
on the probability of occurrence and even these uncertainties are estimated to
be larger in the LEWls-report / 12_7-
For normal operation of nuclear installations the data on radiation doses for
the public and the occupational personnel are available. Whilst it is probably
fair to say that for the public risks are negligeable, for occupational personnel
a degree of risk is to be admitted on which there are still disputes.

b) For fossil power production more statistical data are available for
the probability and direct consequences of accidents, but information on a
number of consequences of normal operation on human health and environment is
very scarse, disputed or even not available e.g. long term effects of S0_
contamination and of the increase of C0_ percentage of the atmosphere.
Studies and actions have been and are undertaken to reduce accident risk and
risk from normal operation in fossil power production and in the associated
fuel cycles. Quantification of these risks can be used to identify the impor-
tant areas for such actions. Examples of such actions are the reduction of
risks in coal mining and in railway transport by better working conditions and
by direct safety measures, but it has to be observed, that often safety
measures have been introduced only after serious accidents. Such accidents
resulted in the establishment of safety rules by governmental organizations.

In conclusion, such comparative studies lack at present precision, are often
incomplete and have therefore a reduced credibility. But that does not diminish
their basic merit provided the above mentioned problem areas be tackled and
resolved progressively.
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5. Risk perception and acceptance.

To arrive at a reasonable and systematic risk managements including at the
decision making (political) level-in a technologically ever-developing society
also the risk perception module must be taken into account to arrive at the actual
acceptance of risks. In this area, scientific approaches have even greater limi-
tations than in the previously mentioned modules (risk assessment, cost - risk -
benefit, cost effectiveness).

There are numerous elements that affect public perception of risk, the deter-
mining ultimate consequence-factor being death. Some authors have identified up
to _40 elements that could be taken into account for a systematic analysis of_Hsk
perception. Let me quote some of the influencing elements which RASMUSSEN / 3_/
considers essential :

origin
volition
effect
severity

benefit
familiarity
exposure
necessity

natural - man-made
voluntary - involuntary
immediate - delayed
ordinary - catastrophic

controllability : controllable - uncontrollable
clear - unclear
familiar - unfamiliar
continuous - occasional
necessary - luxury.

Concurrent with some of_the_findings of other analyses of the problem e.g.
by SLOVIK /"13__7 and VLEK / U _ 7 , one can note in a simple quantitative appre-
ciation that nuclear energy has difficulties in acceptance, mainly due to the
elements : volition (involuntary), severity (catastrophic), controllability
(uncontrollable), benefit (unclear), familiarity (unfamiliar).

Efforts have been made to quantify the respective importance of those influenc-
ing elements. This is all very interesting but does not solve the actual problem
on hand of acceptance of advanced technologies, such as nuclear fission, by
decisions makers (political Level), by the public and its representatives.

The development of nuclear fission is a typical exampleof a step-wise increase
in the development of an advanced technology-concept, at first limited to the
comprehension by a fairly small group of highly specialized individuals. Such
step-wise increases have occurred earlier, but seldom were they as pronounced and
seldom the gap of comprehension - possibilities of the technology between specia-
lists and laymen so large.

By triaL and error, society has in the past arrived at a balance between new
risks and the benefits from them : medecine and Pharmaceuticals, agriculture (food
supplies), industrial goods, transportation (e.g. railroad), energy-production.
In accepting those technological developments society has either implicitly.or
explicitly decided that the benefits outweigh the risks.

Mostly mankind's urge to maintain or improve living conditions has led to the
belief that new technology provided mostly benefits and even that technological
development should be at as fast a rate as possible. This attitude is still large-
ly predominant. However some of the more affluent societies have experienced
a growing quentioning by some of continued technological growth and as we can
notice from very recent developments in the world even a reLigeously inspired
austerity attitude can become predominant and block technological growth.

There is no point in discussing what is right or what is wrong in this respect.
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However, I am convinced that we can all agree that it is prudent to ask from each
new technology to demonstrate that its benefit outweighs its risks and to prove
that it presents an acceptably small risk of detrimental effects either to the
public health or the environment. At the same time it is prudent to ask which
are the implications of tracing older high risks for new ones : a coal-nuclear
comparison is just an example amongst others in this respect.

Although I admit one has to scrutinize closely the assumptions and methodologies
applied in such comparisons (see section 4 above), for this specific comparison
of coal-versus nuclear energy production all through the entire cycle, some results
from various studies, for example / 15_7, suggest :

- that the accidental deaths from coal-utilisation are 26 to 40 times or more
larger on a per unit electric equivalent produced

- that the delayed effects of occupational disease are greater with coal by
a factor of about 2 to 20

- that estimates of air pollution effects on the public are highly uncertain
but range upward from zero to three orders of magnitude above equivalent esti-
mates for nuclear.
One of the most difficult acceptance-issues is how to handle in a reasonable

and comprehensive way the accident potential for very low-prohability-of-occurrence
(frequency) / large consequence situations.

Consequences of severe accidents in conventional major hazards activities(e.g.
chemicals, explosives, petro-chemical) up the order of hundreds of dead correspond
to an actual statistical frequency of at least .~-Z _ .^-4 per year; consequences
of potentially severe accidents in nuclear fission power production of the same
order correspond to a predicted frequency of .^-5 _ .p-6 per year.

Hopefully this can in the long run be put into a better perspective with
the public and decision-makers.

Let me finally, pouit at one interesting outcome of an opinion poll-study sponso-
red by the CEC / 16_7 in its 9 Member states on the attitude versus developed
technologies in general (and of which nuclear is an example of course) :

- 100 '/' wish to participate in the decision

- 10 2 "consider" they are able to discuss about science and technologie

- 90 % consider they are not able to discuss about science and technology

It is fair to assume the same proportion would exist with the decision-makers
at political level.

On that basis, I would like to make the following suggestions for application
in western-style democratic countries, in case decisions have to be made on modern
technology— developments :

1° Consensus should be strived for, being understood that consensus does not
mean unanimity

2° Some mechanism should be applied - preferably through the usual parlementarian-
channels - that only the 10 % - fraction (possibly through representation) be
associated in the decision making process (e.g. through hearings in pariemen-
tary commissions).

3° That only an equivalent fraction (i.e. 10 % ) of the (political) decision-
makers be involved the process; the others placing confidence in their collegues
(e.g. of the same political party)
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4° That the experts on the subject be organized to provide in a comprehensive
(not exhaustive) manner £he basic information required to respond to those invol-
ved in the process 1°, 2°, 3°.

6. Summary conclusions

Let me summarize as follows :

1° Quantification in risk-assessment and in cost-risk-benefit assessment
constitute a significant aid in appreciating what is "safe enough" especially
for advanced technologies which are potentially hazardous.

Quantified comparisons of the risks from different sources of energy
are still subject to imperfections in comparability and gaps in valid input
data which merit to be dealt with in the future developments of such techniques.

The figures which result from such approaches are far from sacro-saint;
they only render the problem on hand more transparent and they do not preclude
the necessity of sound qualitative judgements to be made in order to decide
on the acceptability of an enterprise.

2° Scientific approaches in assessing the societal behaviour of individuals
and communities with regard to acceptance problems - however interesting they
may be - indicate that quantification is even less reliable and that universal
extrapolations are inappropriate ; they may at most give some systematic
insight in societal perception of modern technology.

3° Wide-spread non-selective information efforts to the public at large
on advanced technologies are non-profitable - if not counterproductive - and
on the basis of cost-benefit to be rejected.

It seems adviseable to strive, in non-autocratic countries, for mecha-
nisms of conversation (societal discussion) where only those of the public and
their representatives and those of the decision-makers at political level
that feel capable of being involved are associated and where decisions will
be based on a majority-rule.

It should also be realized however that the choice at present is not
between e.g. nuclear and non-nuclear, but between one type of a modern society
with a certain growth and continued material well-being, and a different society.
This is a broader subject all together of which the preceding is only one of
the components.
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ABSTRACT

An analytic model was developed to assess and examine the
health effects asociated with production of electricity from
coal and uranium. The model is based on a systematic
methodology that is both simple and easy to check, and
provides details about the various components of health risk.
An iterative approach involving only a few steps is
recommended for the model validation. After each step the
model is validated and improved in areas where new information
or increased interest justifies such upgrading. Sensitivity
analysis is proposed as the best method of using the model to
its full potential. Preliminary assessment showed that many
factors not considered in detail in previous studies are
potentially important.

INTRODUCTION

The drastic increase in the cost of imported oil, means that oil
can no longer be considered as a future source of electric power
generation. Instead, reliance on coal and uranium should be increased.
Assessment of risks associated with electricity production from these
fuels will clarify some issues of interest to the public and the
decision makers.

The health effects of electricity generation from coal and uranium
are assessed by Inhaber's approach. Although, Inhaber's work has been
criticized, it clearly delineates the need to consider health effects
associated with construction and decommissioning of the various
facilities in the coal and uranium fuel cycles.

Science Applications, Inc. (SAI) recognizes the need for a
systematic methodology that is simple, clear, and easy to check. Such
methodology will assure an equitable treatment of the two cycles,
provide a proper level of detail about the various risk components and
the assumptions underlying their estimates, and compare these estimates
to identify significant risk contributors.

METHODOLOGY

A fuel cycle comprises four segments: fuel acquisition, fuel
processing and upgrading, energy production, and waste disposal and fuel
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FIGURE 1-a. GENERIC MATERIAL REQUIREMENT TREE.
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FIGURE 1b. GENERIC EQUIPMENT REQUIREMENT TREE.
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FIGURE 1-c. GENERIC TRANSPORTATION REQUIREMENTS TREE.
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material recycle. Each segment includes one or more stages; each stage
is characterized by a particular process involving the fuel material in
some form, with typical transportation modes between stages.

Fuel cycle stages are represented by model facilities. Parameters
of the model facility are chosen to reflect (1) current national
production, (2) current state of technology, and (3) design of modern
existing facilities or facilities planned or under construction. The
model facility can be simple or composite. A simple model facility is
characterized by a single dominant process for upgrading the fuel
materials or generating energy. A composite facility combines several
alternative processes, each fed with the same input and producing
similar outputs.

The life cycle of each model facility is divided into construction,
operation, and decomissioning phases. Each phase is analyzed to
identify its typical activities and to determine the hazards associated
with these activities. Activities, which include material production,
equipment fabrication, normal operations, and transportation, are
grouped into three basic activity categories: construction, operations,
and decommissioning. Performing any activity in any category caries a
certain level of risk to workers and the general public.

Risk can be quantified by developing a computational model that
correlates each activity to its eventual health impact. The model uses
three classes of variables: requirements (R), effluents (F), and health
impact (P) variables. Requirements variables measure each activity's
magnitude. For example, operational activities are measured primarily
by the amounts of fuel (coal or uranium) involved in the annual
operations of the model power plant. Fuel materials requirements depend
on several secondary requirements, such as process materials, energy,
and services (e.g., transportation and direct labor). Requirements
variables tend to form a divergent chain (or tree), with a primary
requirement variable being located in the first level of this tree.
Each primary requirement variable requires several secondary variables,
each of which is associated with several tertiary variables, and so on.
Third- and higher-order variables are not considered in this study
unless their impact is judged significant. Figure 1 shows the generic
requirement tree for three typical primary variables: material
requirement (RM), equipment requirement (RQ), and transportation
requirement (RT) variables. Typical secondary requirement
variables—energy (RE), transportation (RT), and manpower (RL) (Fig.
l.a)—required to produce the primary variable are also shown. These
generic requirements trees serve as building blocks for structuring the
analytic model.

Effluents are released as primary and secondary requirements
variables are produced. Amounts of effluents released (FS variables)
are used to define the effluent source terms in the model. These source
terms, which include both normal and properly weighted accidental or
uncontrolled release components, are inputs to the dispersion models
used to compute effluent exposure (FX) variables. The health iapact (P)
variables have two major components: occupational (PO) and public
health (PP) impacts. Occupational impact is directly related to the
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requirement variables, whereas public health impact depends to a larger
extent on the effluent exposure variables.

Figure 2 shows variables used to calculate the health impact
associated with each stage of the fuel cycle. The figure allows the
analyst and the reader to assess the completeness of the model and
clarifies the calculational chain involved in computing each health
impact component.

Model facilities data and projected life times were used to
estimate primary requirement variables and normal and accidental
effluent source terms. Transfer coefficients linking primary
requirements to higher-order variables and to their consequential
effluents and health impact required extensive modeling. For example,
the whole production cycle shown in Fig. 3 was used to estimate
occupational and public health effects associated with material,
equipment, and nonelectric energy requirement variables for each model
facility. Computations were complicated by the presence of imports in
certain stages of the production cycle as well as in recycle of some
metals (e.g., steel, and aluminum). Similarly, a combination of
transportation modes serve the coal and uranium cycles. Complexity of
the transportation requirements changes with the geographic region
served, and each mode has its cargo-related and non-cargo-related health
impacts. The electric energy requirement variable can be supplied by a
coal-fired or nuclear plant, a combination of both, or a combination
with other plant types. National electric energy production data or
future projections can be used to estimate the interaction terms, and a
simple mathematical procedure was developed to estimate the health
effects in the presence of this interaction. The coal and uranium
cycles can operate under various options.

The coal cycle can be confined to the eastern U.S. , using coal
mined in the East and serving the dense populated Northeast, or it can
be confined to the West with its long transportation routes. Because
eastern and western cycles use coal with different characteristics and
transportation modes, health effects estimates for the two options can
yield valuable information. Similarly, the uranium cycle can operate on
a once-through fuel mode, uranium recycle mode, or uranium and plutonium
recycle. It can use the energy-intensive diffusion enrichment or
centrifuge alternatives. The fuel cycle structure will vary from one
option to another and the subsequent health risk will vary accordingly.

A simple mathematical model based on the methodology flow diagram
in Fig. 2 was developed and used for hand calculations that led to the
preliminary health effects estimates in this work. The proposed
computerization of this model will have several advantages, among which
is the ease of changing parameters and integrating newly acquired
improved data and the simplicity of promoting the structure of the model
segments where more sophistication may be eventually required. A
computerized model will also add the capability for conducting
sensitivity analysis, which is important because of the large
uncertainties in the data base. This capability allows analyst to
identify and isolate those factors having the largest health impact.
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DATA AND UNCERTAINTIES

Numerous data are required to assess the magnitude of the primary
requirements and effluent variables and the functional dependence among
the various variables. Ideally, a large pool of raw original data
should be acquired, followed by consistent treatment of these data for
optimum estimation of model parameters and parameter uncertainties.
Unfortunately, all the required original data were not readily
available, nor did the time and effort constraints on this study allow
such a formidable task. The only available option was to rely on
secondary sources of data. Data extracted from secondary sources are
diverse, including elements based on experiments, design, accident
statistics, expert opinion, and engineering judgment and extrapolations
of secondary data. Reliance on secondary sources will result in errors
and some biases in the health effects estimates and will introduce in
consistencies in the analysis. Other possible sources of uncertainties
include the mathematical approximation involved in the modeling and the
structure of the overall assessment model.

Nevertheless, valuable information can still be gained from this
preliminary study phase by analyzing the health effect components
constituting the fine structure of the overall results, using
sensitivity analysis after the model computerization, and adopting an
iterative approach to risk comparison for the coal and uranium cycles.
Preliminay hand-calculated results produced by the model can be used for
model validation, which can be achieved by two„ parallel methods:
(1) comparison with previously published studies and investigation
of the discrepancies associated with new findings; and (2) peer review
and exposure of the study to open criticism. This combination will
enhance identification of pitfalls and new issues that can be used to
direct the second iteration toward a higher level of effectiveness and
confidence in the results.

OTHER ISSUES AND CONSIDERATIONS

Effluents from the coal and uranium cycles can have localized and
short-term effects as well as long-term global or regional effects.
Some effluents can induce climatic changes, and others can be released
as long-lived effluents or daughters of long-lived effluents. Solid
waste can be safely disposed of for long periods, but there is no
guarantee that some mechanisms will not initiate future releases.
Adverse health impacts can also result from human intrusion or illicit
actions or indirectly result from resources depletion.

CLIMATIC CHANGES

Climatic changes can be localized, as are those associated with
heat and moisture releases from the model power plants, or they can be
global and regional, are "Greenhouse" effects and "acid rain".

Carbon dioxide is the major gaseous effluent from coal combustion.
Atmospheric measurements indicated a steady increase in C02

concentrations. " C02 buildup in the atmosphere affects the climate
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through greenhouse effect, entrapping heat in the earth's atmosphere.
Doubling of C02 concentration in the atmosphere could raise the
temperature at the middle latitudes by about 3°C and near the poles by 9
to 12°C. Such postulated increases may result in changes in rainfall
patterns or gradual melting of polar ice.

Sulfur and nitrogen oxides released from coal-fired plants interact
with oxygen and moisture in the atmosphere to produce sulfuric and
nitric acids. These acids are .then scavenged from the atmosphere by
precipitation to form acid rain. '

The relative contributions of the model coal-fired plant to the
greenhouse effect or to acid rain is uncertain, and quantitative
relationships correlating these effects to human health are even less
certain, requiring further investigation.

URANIUM CYCLE LONG-TERM EFFECTS

Untreated dry tailings from the uranium ore milling operation can
affect human health by inhalation of wind-blown dust, inhalation of
radon progeny, exposure to gamma radiation from radon and its progeny,
and insestion of surface water containing radionuclide leached from the
pile. Normal precautionary measures can diminish all these effects to
an insignificant level. Mill tailings stablization can minimize radon
emanation for a long time; however the half-life (8 x 104 years) of
Th-230, the radon precursor, means that piles stabilization is an
intrim, not a permanent, solution. Because radon releases can adversely
affect the health of future generations, permanent solutions should be
considered.

One solution is to dispose of the tailings in underground uranium
mines as part of mine decommissioning. Open pit mines can be partially
backfilled with mine waste from subsequent mine operations wuntil the
pit bottom is well above the underground water table; tailings can then
be used as fill and covered with a thick layer of earth topped with
vegetation or coarse rocks. Another solution is chamical separation of
Th-230 and Ra-226 as part of the milling process, followed by disposal
in a high-level waste repository.

Estimations of the long-term effects of radon emanation from
untreated tailings piles are controversial. Integrated health effect
estimates range from insignificant to large values* depending on the
dispersion and future population growth models used. ' '

Coal contains small quantities of U-238, U-235, Th-232, and their
decay products. Uranium content in coal varies £epn> 0.2 to >25 ppm,
with average content of about 1 ppm.= (U.S. coal). Because coal ash
piles will emit radon, they present a problem similar to that of uranium
mill tailings. However, unlike mill tailings, coal ash piles are close
to population centers.

Another controversial issue is the possibility of future breach of
containment of high-level waste geologic repository. Long-lived
isotopes can be released to the biosphere after violent natural
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phenomena, human intrusion, or slow underground water--transport. The
consensus of previous studies in the U.S. and Europe ' ' is that
migrations of nuclear waste in underground water is of greater concern
than the possibility of sudden disruptive events. In underground water
transport water enters the repository, dissolves the waste form, and the
waste-bearing groundwater migrates to the biosphere. The potential for
waste release is influenced by waste management practices, repository
site and geology, repository design and waste form, the waste package,
and other engineered release barriers selected. For reasonable site
location and repository design, no plausible mechanisms can cause
release earlier than a thousand years after waste disposal. By that
time, fission products that dominate early risk will have decayed to
harmless levels (i.e., that of natural uranium ore). Although risk
assessment studies are uniformly optimistic in their evaluation of
long-term safety, there is no broad consensus that safety has been
either demonstrated or proven.

SABOTAGE AND DIVERSION

Sabotage can be accomplished by various hypothetical and generally
complex scenarios. Motivations to commit such an act can be political
or psychological or for coercion and monetary gain. Successful sabotage
requires detailed knowledge about the target facility layout and design
features. Diversion is the theft of nuclear material for the purpose of
constructing a dispersal weapon. Detonation of such a device would
result in limited to catastrophic impact.

Consequences of sabotage and diversion may be large, but highly
uncertain. Relating these consequences to one power plant year
operation will unavoidably involve some degree of arbitrariness and
speculation.

CAUSE-EFFECT MODELS

In this study, the health effects of exposure to radiation are
based on two models. The first, which deals with low-radiation
exposure, is based ?on the linear (nonthreshold) models of the BEIR
report and GESMO. This model expresses health effects in terms of
cases per million person-rems. The estimated number of cases is latent
and does not depend on the dose rate, which is a clear weakness in the
model. However, the linear model is widely accepted and is generally
thought to be conservative. The second model is related to acute
exposure and is not used in this study phase.

Cause-effect relationships involving coal-fired plant effluents are
general, lacking. The model developed by Hamilton and coworkers at
BNL ' was adopted. This model uses sulfates as an index and a
cause-effect relationship relating sulfate exposure to increased annual
mortality rate. Acute effects associated with air pollution episodes
are not included in the model.

The models used so far are calculational and are based on
extrapolations and other simplifying assumptions. Other health effects
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in the coal and uranium cycles are estimated from observed data. Among
these are occupational injuries, deaths and illnesses, and some public
hazard data. Occupational illness include black lung disease and lung
cancers for coal and uranium mining. Present regulations have improved
working conditions in the operating mines and the nuaber of cases
induced by present-day conditions are expected to differ from the latest
published estimates. Occupational illness, cannot be simply related to
the latest production figures unless working conditions remain static
for a long time.

PRELIMINARY RESULTS

The described methodology was applied to a case study involving the
uranium cycle. Approximate hand-calculated health effects estimates
were computed for comparison with other published estimates as part of
the model validation procedure.

Occupational health effects in the operations phase of the model
facilities of the uranium cycle were found to be comparable to previous
estimates (10, 15). Occupational risks in the construction phase were
found to be comparable to those of the operations phase for both the
model enrichment facility and the model LWR. Decommissioning risks were
found to be comparable to those of the operations phase for the model
reprocessing facility, but were about an order of magnitude smaller than
those for the model LWR. Corresponding risks for other model facilities
remained insignificant.

Transportation requirements showed a significant increase when the
construction and decommissioning phases requirements were considered,
with the largest increase occurring for the model LWR. Accordingly,
non-cargo-related transportation risks are increased, whereas the
increase for cargo-related risks was less significant.

Materials requirements are dominated by those for the model LWR and
the model enrichment facility. Occupational hazards associated with the
material production cycle were found to be relatively low when compared
with other risks in the cycle.

As expected, the electric energy requirements are dominated by the
model diffusion facility and drop by more than 80% when the centrifuge
enrichment is used. Most of the nonelectric energy requirement (about
60%) is projected to be consumed during decommissioning, while 30% is
consumed during operations.

Impacts on public health are dominated by the model LWR and
reprocessing facility. Radiological accidents were found to have a very
small health impact, except for the LWR class 9 accidents, where
calculations were based on very conservative assumptions.

Although sample calculations were preliminary in nature, they
yielded valuable information about those factors that can change the
value of risk estimates. The use of an improved data base and
sensitivity analysis techniques will undoubtedly shed a new light on the
relative health impact of the coal and uranium cycles.
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RESULTS OF THE GERMAN RISK STUDY
- EVENT TREE ANALYSIS -

H. Hoertner
Gesellschaft fur Reaktorsicherheit (GRS)

Garching/Munich

With reference to a representative PWR plant of the 1,300 MWe-
type some 100 accident sequences leading to core melt have
beep investigated. An overall core melt frequency of about 9 x
10 per reactor and per year has been obtained as a mean
value. The main contributions have resulted from Small LOCAs.
in the reactor coolant loops, from loss of preferred power, and
from Small LOCAs via the pressurizer. Especially the event tree
analysis, which has been carried out for various initiating events
is discussed in some detail. Furthermore, the main contributions
to core melt will be explained. The results show strong influ-
ence of human error.

1. Introduction

When the U.S. Reactor Safety Study WASH-1400 was published in October 1975
[1], in Germany the question was raised as to how far the results of WASH-1400
could be applied to German conditions.

Nuclear power plants in both countries mainly use light water reactors as ener-
gy sources. But, there are still a number of points in which US and German
conditions differ. The reasons are differences of engineering design features
between US and German plants, as well as different siting conditions and popu-
lation densities, respectively. Therefore, separate investigations on accidental
risk of nuclear power plants seemed to be necessary.

For this purpose, in 1976 the Federal Minister of Research and Technology con-
tracted a "German Risk Study" on nuclear power plants with pressurized water
reactors. As in WASH-1400, it was the aim of this study to make an assessment
of risk to the population due to accidents in nuclear power plants. The study
is carried out in two phases.

As far as the first phase of this study, Phase A, is considered, the analyses
have applied essentially the same basic assumptions and the same methods as in
WASH-1400. The Main Report of the Phase A was published last year [2], a set
of Appendices will be published within the next months.

A second phase of the study, Phase B, has been started for further methodical
progress and detailed investigations on critical aspects identified during Phase A,

The study is under the scientific leadership of Prof. Dr. A. Birkhofer, Managing
Executive Director of the Gesellschaft fur Reaktorsicherheit. Several institutions
are contracted by the study. The Gesellschaft fur Reaktorsicherheit, as the main
contractor, has analyzed the accidental plant behaviour. The Kernforschungszen-
trum Karlsruhe and the Gesellschaft fur Strahlen- und Umweltforschung have
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done the consequence modeling and the evaluation of health effects. Furthermore,
some other institutions and consulting engineers have been engaged in particular
problems and specific topics of the study.

The overall analysis has been carried out in five major tasks:
- Initiating events
- Event tree and fault tree analysis
- Radioactive release
- Accident consequences
- Risk assessment

The first three tasks deal with the plant accident analysis. As reference plant,
Biblis Nuclear Power Station, Unit B, has been adopted. This is a KWU-de-
signed 4-!oop plant with a pressurized water reactor of 3,750 MW thermal power
and U-tube steam generators. The plant has an electrical output of 1,300 MW; it
started operation in early 1976.

For the estimation of accident consequences and for risk assessment, actual sites
have been accounted for. All German reactor sites have been considered, at
which plants with more than 600 MW eiectric power have been operating, under
construction or during licensing process. This led to 19 different sites with a
total of 25 plants.

In the following, I will concentrate on the two first steps of the study, the initi-
ating events and the event tree analysis. Radioactive release, accident conse-
quences and risk assessment will be handled in the next paper [3].

2. Initiating Events

Since up to 95 % of the total radioactive inventory is located in the reactor core,
the central problem of analysis is to identify accident initiating events and ad-
joined accident paths which potentially could lead to a larger release of fission
products from the reactor core.

This, however, could occur only by excessive overheating of the fuel leading to
a degradation of the fuel elements and ultimately to melt-down of the reactor
core. The analysis therefore concentrates on such initiating events which could
lead - after failure of the engineered safety features - to a strong imbalance
between the heat generated in the core and the heat removed from the core via
the Reactor Coolant System. The corresponding initiating events can be divided
into loss-of-coolant accidents, transients and external events.

3. Event Tree Analysis

Since a number of different systems are called for, for each initiating event a
multitude of different event sequences is conceivable, depending on the possible
combination of success and failure of the various safety functions.

Following WASH-1400, failure of a safety function is assumed if the minimum re-
quirements according to the demands of the licensing procedure are not fulfilled.
In this case, total core melt-down has been supposed for the postfollowing ana-
lysis and the adjoined radioactive release.
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The event tree analysis performed covers some 100 sequences of events leading
to core melt. The frequency of a specific event sequence is determined by the
frequency of the initiating event and by the probabilities of success or failure
of the safety functions called for. For highly reliable systems, these probabili-
ties are mostly not known from field experience. Therefore, they have to be
calculated analytically, mainly by means of fault tree analysis.

In this analysis, the contributions of loss-of-coolant accidents and transients to
core melt frequency have been quantified. Additionally, the study has assessed
the influence of external impacts like earthquake, airplane crash, chemical
explosion and flood.

Summing up all relevant contributions, an overall core melt frequency of 9 x 10
per reactor yeap has been_calculated. See Table I. The 90 %-confidence interval
ranges from 10 to 3 x 10 , that means a factor of 30 between lower and upper
limit.

Mean Value
Median (50 % - Fractile)

Lower Confidence Limit
Upper Confidence Limit

( 5 %
(95 %

- Fractile)
- Fractile)

Frequency per Reactor Year

9 x 10"^
4 x 10

1 x 10"5
3 x 10

Table I: Sum of the core melt frequencies

Contributions of the different initiating events to the core melt frequency are
shown in Table I I .

KMuflnfflQ •VvffK

Large LOCA
Medium LOCA
Small LOCA
Loss of preferred power
(off-site power & main
turbine generator)
Loss of main feedwater
Loss of preferred power
with Small LOCA via
pressurizer
Other transients with
Small LOCA via
pmsurtzer
ATWS-events*)

nwejuency ef

*t

2.7x10"*
8 x 1 0 *

2.7x10-3

1 xiO"1

• xiO"'

2.7x10"*

i x i O - 3

3x10-5

omm. mm

1.7x10-3
2.3x10-'
2.1x10-2

1.3x10'*
4x10 ' *

2.6x10-2

2x10-3
3x10-2

Frequency of
cammettper
raactor year

f,.f,xP

5x10'7

2x10"§

5.7x10-5

13x10"*
3x10«

7x10"«

2x10"6

1 x10"«

Table I I :

# ) Anticipated transients without scram

Summary of the results of event tree analysis
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The dominant contribution results from a Small LOCA, mainly due to the following
reasons:
- Small LOCAs in the reactor coolant loops may occur more frequently than

medium or large breaks
- The overall unavailability of the required safety functions is relatively high.

In order to remove the decay heat, also the secondary system is necessary.
Operator actions are required to initiate and control the cooling down of the
plant. The possibility of human error therefore reduces system availability
significantly (by a factor of about 5).

The second important contribution results from the transient "loss of pre-
ferred power" (loss of off-site power and loss of power from the main turbine
generator). Figure 1 shows the event tree for this initiating event.

• • No Core M«lt

I I Cort M«lt

I Small LOCA via Prttturiztr

I ATWS

Figure 1: Event tree for the "loss of preferred power"

In this event tree 4 kinds of feedwater supply are distinguished:

- Power Conversion System (Main Feedwater Supply & Secondary Steam Release)
- Auxiliary Feedwater Supply & Secondary Steam Release
- Delayed Feedwater Supply & Secondary Steam Release
- Long-Term Feedwater Supply & Secondary Steam Release

Delayed Feedwater Supply means that feedwater cannot be delivered before sec-
ondary dry-out of the steam generators. Long-term Feedwater Supply means
that the demineralized water storage tanks are necessary for further feedwater
supply. This is because of an empty feedwater tank when the main heat sink
has failed and the secondary steam is released into atmosphere.
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At "loss of preferred power" the Power Conversion System ist not available.
Therefore, no branching ist shown on the corresponding part in the event tree.

After secondary dry-out of the steam generators the Reactor Coolant System
Safety/Relief Valves must open for heat removal and to prevent overpressure in
the primary system. Also, for "loss of preferred power " at the reference
plant, one Relief Valve will open when Auxiliary Feedwater Supply is available.
If not all open valves reclose with decreasing pressure, a Small LOCA via the
pressurizer will be the consequence. This sequences played a dominant role
when first results of the study were published in November 1977 [4, 5] . Plant
improvement accomplished in Spring 1978 reduced its frequency by one order of
magnitude. We may recall that such a stuck open relief valve played an impor-
tant role in the TMI accident.

For the "losjtof preferred power" a contribution to core melt frequency of near-
ly 1.3 x 10 per reactor year is obtained due to failure of the undelayed and
delayed feedwater supplies and by failure of the long-term delivery of feed-
water. A Small LOCA via the pressurizer, as a consequence_x>f the "loss of pre-
ferred power", leads to a core melt frequency of 7 x 10 per reactor year.

Also for other transients, a Small LOCA via a stuck open pressurizer valve can
be the consequence. For the reference plant of the German Risk Study a core
melt frequency of 2 x 10 per reactor year has been assessed for the corre-
sponding accident sequences.

Figure 2 illustrates the results obtained in terms of relative contributions of the
various initiating events to the frequency of core melt.
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Figure 2: Relative contributions of various initiating events
to core melt frequency

It is not surprising that the contribution of the Large LOCA is quite small.
This accident has been studied extensively during the last years, as one of the
Design Basis Accidents. Engineered safe-guards have been optimized to cope
with this event.
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This insight gained by the study, which essentially is in accordance with WASH-
1400, strongly suggests looking more intensively at Small LOCAs and transients.
Safety research has already taken this situation into account.
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Figure 3: Relative contributions of different failure
modes to core melt frequency

In Figure 3 the influence of different failure modes of safety systems on core
melt frequency is shown. About two thirds are caused by human error, mainly
because of the cooling down procedure in the case of Small LOCAs. At newer
plants this procedure has been improved by automatization. This may result in
a reduction of the influence of human error. Only about 3 % of the overall core
melt probability is caused by miscalibration of redundant measuring channels
(common-mode failures by human error).

The contribution of common-mode failures of the hardware to the core melt fre-
quency is relatively small (14 %). Here it must be mentioned, that in our study
the failure of common components for different systems or dependencies between
the various safety functions have been identified by a very detailed analysis.
Such failures are not taken into account as common-mode failures, but as inde-
pendent failures. Also, the identified secondary failures (causal failures) are
not quoted as common-mode failures. In general, common-mode failures of redun-
dant components by a common cause are only quantified when such failures or
at least similar events have been observed. This is the case for measuring
channels, for relays, emergency diesels, and for pumps in long-term operation.

The largest contribution to common-mode failures ist caused by the emergency
diesels. Nevertheless, their influence on core melt frequency is low. The reason
is, that for the Auxiliary Feedwater Supply at a "loss of preferred power", two
systems can be used:
- the Auxiliary Feedwater System and
- the Emergency System,
which are independent of each other.

Common-mode failures by wrong positions of redundant valves, caused by human
error, are no dominant contributors to core melt frequencies. Namely, the posi-
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tions of the valves in the engineered safety features are controlled, in addition
to the operators, by automatic signals, which are actuated by the initiating
event. Furthermore, the functional tests of the 4 separated redundant sub-
systems of the engineered safety features are performed by different crews at
different times (each week another subsystem will be tested). By this staggered
testing not only the unavailability of safety functions due to independent fail-
ures, but also due to common human error will be reduced.

For the Phase B of the German Risk Study, improvement of reliability data basis
for important components has been planned by detailed evaluation of nuclear
power piant experience. Furthermore, investigations are to be carried out for
those transients which have already occurred in German plants, in order to find
out reliabilities of the involved systems and of the operator actions taken.

Also, contributions to core melt frequency from further initiating events (e.g.
from secondary breaks) will be examined in detail. Improved accident simulation
could lead to a better differentiation of event sequences and to a probabilistic
assessment of the results of dynamic analyses (best estimate calculations and
corresponding confidence intervals).
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RESULTS OF THE GERMAN RISK STUDY

ACTIVITY RELEASE AND CONSEQUENCES

F.W. Heuser, K. Kotthoff,

Gesellschaft fur Reaktorsicherheit

(GRS) mbH, Cologne

ABSTRACT

Assuming failure of engineered safety features the course
of core melt accidents and potential containment failure
modes (overpressure, leakage, steam explosion) are ana-
lyzed. The activity release in the environment resulting
from different accident sequences is determined. The
course of a core melt accident leading to overpressure
failure of containment is discussed in some detail. With
respect to calculation of accident consequences some modi-
fications have been made as compared to WASH-iitOO. E.g.,
the evacuation model has been developed according to
German siting conditions, late fatalities are calculated
on the basis of a linear dose risk correlation proposed
by the ICRP. Considering early and late fatalities results
of the consequence calculations performed are presented.

INTRODUCTION

In spring 1976 the Federal Minister of Research and Technology gave
a contract for a German risk study.
The main objectives of this study can be summed up as follows:

- to carry out an assessment of the societal risk due to accidents in
nuclear power plants with reference to German plant design and German
siting conditions,

- to get experience in the field of risk analysis and to provide a basis
for estimation of uncertainties,

- to provide guidance for future activities in the German Reactor Safety
Research Program.

According to these far reaching objectives the study has been subdivi-
ded into two major phases A and B. In phase A the analysis has been con-
ducted on the basis of the main assumptions and methods used in WASH
11*00 OX
This phase of the study has been completed last year. The results have

been published in a Summary C2j and a Main Report £33 • Additionally a
set of Appendices, including the details of the analysis, will be pub-
lished within the next months.
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Phase B Is planned for further detailed investigations on critical
aspects identified during phase A. Thereby improved methods and most
recent results within reactor safety research will be applied to the
analysis.
Several institutions have been contracted to the Study. The Gesellschaft

fur Reaktorsicherheit, as the main contractor, mainly deals with the
plant oriented accidental analysis. The Kernforschungszentrum Karlsruhe
and the Gesellschaft fur Strahlen- und Umweltforschung, Munic, have eva-
luated consequence modeling and the determination of health effects.
The risk determination has been divided into five major tasks:

- Initiating Events
- Event Tree and Fault Tree Analysis
- Radioactive Release
- Accidental Consequences, and
- Risk Assessment

As basis for the Study the plant Biblis B has been chosen. This plant,
a KWU-designed pressurized water reactor of 3-750 MW thermal power started
commercial operation in early "j6.
In this paper results to the last three steps of the study will be

discussed. Initiating events and event tree and fault tree analysis are
handled in another papier Ci

ACTIVITY RELEASE FROM THE CONTAINMENT

To calculate the release of fission products from the plant the follo-
wing problems have to be handled:
- the core meltdown processes
- the containment response, especially the different containment failure
modes, and

- the transport of fission products inside the containment and their
release into the atmosphere.

According to the objectives of phase A of the German risk study total
core melt has been assumed for an accident sequence, if the safety
systems do not fulfil the minimum requirements of the licensing procedure.
Considering core meltdown about 1 1/2 hours after the accident initia-

ting event the molten core falls down into the lower plenum of the
reactor pressure vessel. Following meltthrough of the vessel the molten
mass penetrates the inner shielding of the concrete structure. After
penetration of the shielding one has to assume that the core melt comes
into contact with water of the reactor sump. As a consequence the sump
water will start to evaporate.

This will lead to a steady increase of pressure in the containment
atmosphere and thus to failure of the containment by overpressurization.
Therefore, instead of a meltthrough as in WASH 1^00, the most probable

accident path of a core melt event leads to containment failure by over-
pressurization. However, failure of the containment will occur very late,
at least one day after the accident initiating event.
For illustration, Fig. 1 shows the containment pressure response during

a large LOCA with assumed failure of the Low Pressure Recirculation System.
Following blowdown failure of the lov« pressure recirculation system is

assumed when the emergency core cooling system is switched to the recir-
culation mode. This is about 20 min subsequent to the accident initiating
event. Strong increase of pressure starts at somewhat more than U h. At that
time the molten core has penetrated the inner shielding and comes into con-
tact with water of the sump. The burst pressure, at about 8.5 bars, is
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Figure 1: Containment Pressure Response during
a core melt accident

reached at nearly 100.00 sec, i .e. the containment fails one day following
the accident initiating event.

The fission product release due to this core melt accident is given in
Fig. 2. In detail the picture shows the cumulative fractions of core inven-
tory released to the atmosphere as a function of accident time for k diffe-
rent groups of fission products. These are the noble gases, organic and
elemental iodine and the group Cs-Kb as a representative for aerosols.

Fraction of Core Inventory

10

10-5

10-1 { 10*
Accident Time min

Figure 2: Activity Release for a Core melt Accident
and Containment Overpressure failure
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It should "be mentioned, that the airborne concentration of elemental
iodine and of aerosol particles is strongly reduced by natural deposition
before overpressure failure of the containment will occur. Thus, follo-
wing overpressure failure of the containment, there are only small frac-
tions of the initial airborne concentrations of elemental iodine and
aerosol particles, that are released to the environment.
Besides overpressure failure other containment failure modes, such as

containment leakage and containment failure due to a steam explosion
have been considered.
The accidental releases and their corresponding probabilities are

summarized in a set of release categories shown in Table I.
To start with core melt events, categories 5 and 6 include accidents

leading to late containment failure by overpressurization as described
above. In category 5 additionally a failure of the filter systems prior
to containment failure is assumed.

Release
Category Wo

t

2

3

4

S

6

7

8

Description

Core Melt. Steam
Explosion

Core Mall. Large
Containment Leakage
(« 300mm)

Core Melt. Medium
Containment Leakage
(« 30mm)

Core Melt, Small
Containment Leakage
10 25mml

Core Melt. Late
Containment Overpressure
Failure, Failure of Filter Systems

Core Meit, Late
Containment Overpressure
Failure
Design Basis Accident
Large Containment
Leakage (« 300mml

Design Basis Accident

Probability
/YR-1

2 - NT6

6 10-7

6 !0"7

3 10"6

2• 10"5

7 10-5

1 10-^

1-10-3

Table I: Release Categories

The categories 2, 3 and k summarize core melt accidents that are com-
bined with containment leakage. These categories lead to early radioactive
releases.
Category 1 includes the most severe release. In this case it is assumed

that the reactor pressure vessel and the containment are seriously
damaged by a steam explosion after core meltdown. According to the state
of present analysis such an event is extremely unlikely. However, as a
cautious assumption this accident sequence has been taken into account
for risk assessment. For this purpose, in phase A of the study the proba-
bility judgement of WASH 1^00 has been taken as reference for the numeri-
cal analysis.
Finally the study has analyzed loss of coolant accidents properly coped

with the Emergency Cooling and Decay Heat Removal System. Core integrity
is essentially maintained and activity release from the core is only
caused by cladding failure. These events are grouped into categories 7
and 8. Category 8 describes the design basis accident. In category 7
additionally failure of containment isolation is assumed.



"352-

CONSEQUENCES AND OVERALL RISK

For consequence analysis and estimation of risk 19 different German
sites with a total of 25 plants have been accounted for.
In the first step of consequence analysis the dispersion of activity

depending on accidental release and weather conditions must be described.
Purtheron, the resulting exposure to population depending on population
density and emergency measures has to be calculated.
Finally combining accident probabilities and consequences overall risk

results are determined for different health effects, such as
- early fatalities due to acute radiation sickness
- late fatalities due to leukemia and cancer and
- genetic effects.

Fig. 3 shows the results for early fatalities per year plotted in terms
of the complementary cumulative distribution function. The results refer
to a total of 25 plants. The study has made the attempt to quantify con-
fidence intervals. The dashed bars correspondingly indicate 90 % confi-
dence limits for some selected points of the curve.
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per Year for 25 Plants
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One has to state, that 93 % of all core melt events don't lead in any
case to early fatalities. This major part of accidental events corres-
ponds to all core melt accidents leading to late overpressure failure of
the containment. The remaining 7 % of core melt events only result in
early fatalities, if there are unfavourable weather conditions, i.e.
raining and wind direction to populated areas.

Summarizing, early fatalities only are obtained in less than 1 % of all
core melt accidents. Therefore referring to all plants considered for
consequence calculation the probability for a core melt accident which
involves one or more early fatalities is about 10~5 per year.
The area of early fatalities will be restricted up to a limited distance

of 20 kilometers. Large numbers of early fatalities are determined, if
one assumes simultaneous occurrence of
- large radioactive release due to early containment failure
- high population density in the wind direction concerned and
- high ground contamination caused by rain.

The figure shows, that large consequence events are extremely unlikely.
Concerning late fatalities the results of course are quite different

from those one obtained for early fatalities.
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per Year for 25 Plants



-354-

For the calculation of late fatalities in the German study otherwise
than in WASH 1^00 a linear dose-risk-relationship has been used according
to the recommendation given by the International Committee on Radiological
Protection. This dose-risk-relationship takes into account ever, the _;
lowest dose values and corresponds to a risk factor of approximately 10 /
rem. Applying this dose-risk-correlation the accidental risk probably
has been overestimated rather than underestimated.

In the same way as in WASH 11+00 late somatic effects are calculated
over large distance areas up to 2.500 kilometers, that means the calcu-
lated numbers are related to a population of more than 600 million people
within the area of whole Europe.

Fig. h gives the corresponding results, again referring to 25 plants
within the FRG. The calculations have been carried out over several
generations. Except category 8 late fatalities are obtained from each
release category, even from category 7, which involves the design basis
accident with failure of the containment isolation.

The results strongly depend on the amoun, of activity release., On the
other hand there is only a weak dependence on weather conditions a.nd local
population distribution. As already indicated by discussing the dose-risk-
relationship large numerical values result from small radiation exposure
to a large population areas. Thus a great contribution to late fatalities
results from doses below 5 rem. This value, for instance, nearly corres-
ponds to the average dose level, that will be accumulated over a lifetime
due to natural radiation exposure.
Although the study dous not incluue comparison with other risks this

aspect should be discussed briefly by comparing the averaged number (mean
value) of accidental fatalities with the number of spontaneous deaths
due to leukemia and cancer in general.
The mean value calculated f<~r late fatalities due to nuclear accidents

in 25 plants comes out to be 10 fatalities per year. Referring to the
population sample considered in the study, namely the population of
Europe, the number of spontaneous deaths due to leukemia and cancer is
about 1.890.000 fatalities per year. Considering only the Federal Republic
of Germany this number still amounts 170.000 fatalities per year.
Furtheron, if one calculates the number of late fatalities induced by

the natural background radiation of 100 mrem per year on the basis of
the dose-risk-correlation used in the study, one obtains for the whole
European area 8.^00 fatalities per year and restricting on the Federal
Republic of Germany there are still 760 fatalities per year.
These numbers have to be compared with the mean of 10 late fatalities

per year due to accidents in 25 plants. This means that the collective
risk due to accidents in nuclear plants is about two orders of magnitude
lower than corresponding risk values, for instance resulting from the
natural radiation exposure.

CONCLUSIONS

In spite of different engineered plant features and different site con-
ditions the results of the study more or less confirm those of the US
Reactor Safety Study. This roughly applies to both early fatalities and
late somatic effects. However, the differences between engineered plant
features in American and German nuclear power plants lead to some extent
to different areas of major interest.
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The analysis carried cut for consequence calculations gives insights on
the influence of oain paraneters for risk assessment. This analysis Bay
be helpful to improve emergency procedures and to get a better under-
standing about possible consequences and actions to be taken after a
aajor release of radioactivity. Qbiously in this area further work has to
be devoted.
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COMPARISON OF RISK OF VARIOUS
ELECTRICAL ENERGY SOURCES

by H. Inhaber

A t o n i c Energy C o n t r o l Board
Ottawa, Canada KIP 5S9

ABSTRACT

The risk to human health of various energy sources has
provoked some controversy in the past few yaars. In part, this
dispute is due to Inadequate and conflicting data. Other aspects
centre on questions such as where one draws the boundary line for
a complete energy system and how low probability, high-consequence
accidents affecting the public can be factored In. In this paper,
the results of two recent relative studies are compared. The two
studies have similar rankings In terns of energy system, although
the absolute values of risk differ. The values used In estimating
nuclear risk in various literature reviews are also evaluated in
sorae detail, since these values are at the core of much of the
discussion of relative risk.

INTRODUCTION

As energy becomes more and more important to our daily lives, the question
of the risk it can pose to human health has become commensurately significant.
Over the past several years, various studies have attempted to measure or
estimate this risk, especially in terms of nuclear power. These studies,
started by Starr, Hamilton and others, have centred on the "conventional" energy
systems, defined as those which are widely used at present. These have included
light water fission, coal, oil and natural gas.

Because of recent widespread interest in "non-conventional" systems such as
solar and wind, some recent studies have attempted to measure their risk as
well. The problem is complicated by the fact that less is known about these
systems than some others. The object of this paper Is twofold: first, to
compare studies which have been made of a wide range of energy systems, and
second, to compare recent estimates which have been made of nuclear risk,
perhaps the most evaluated energy system of all.

COMPARISONS OF OVERALL RISK

A recent Canadian study [4] suggested that, when the entire energy or fuel
cycle was considered, some non-conventional systems could have higher total risk
than some conventional systems, such as nuclear and natural gas. Comments on
its conclusions have been made. For example, an advance copy of the CONAES
study [1] stated
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"rlsks associated with nuclear power via other types of non-radio-
logical injury to humans are much less important than the radio-
logical ones, and also much smaller than the non-radiological
risks associated with most alternative means of producing
electricity (coal, solar, e t c . ) . . . "

While it will be shown below that the first part of this statement is
subject to some debate, the second part tends to confirm the conclusions of Ref.
4.

A further statement was made by Brooks and Hollander in the most recent
Annual Review of Energy [2J. In terms of present-day systems, they note:

"The construction of most solar energy systems would require
considerably more energy-intensive materials such as steel and
cement, than a nuclear plant of equivalent capacity. The efflu-
ents involved in extracting and processing these materials, and
the associated occupational hazards, would greatly exceed the
corresponding effects for a nuclear plant in routine operation."

This statement again tends to confirm the results of Ref. 4. However, the
two previous quotations are not backed up by data. This has been recently
supplied by Hoy [3], who considered the occupational risks of ten energy
systems. Ref. 4 considered public risk in addition to occupational risk.

By "occupational" risk is meant that incurred by those who work at
gathering raw materials, smelting and refining thei , transporting fuels and
materials, etc. "Public" risk is incurred by thost not directly connected with
operating energy systems.

Hoy considered geothermal and synfuel energy which were not evaluated in
Ref. 4. Only one type of solar energy was evaluated, in contrast to the three
of Ref. 4.

It is instructive to compare the rankings of both Hoy and Ref. 4 in its
first and latest draft, shown in Table 1. As extra data was found and errors

TABLE 1

Rank Orderings of Occupational
Three Studies, from lowest to

Hoy

Natural Gas
Nuclear
Geothermal
Oil
Wind
Solar
Hydro
Methanol
Coal
Synfuels

AECB-1119
(First edition)

Natural Gas
Nuclear
Oil
Ocean Thermal
Hydro
Coal
Solar Thermal

Solar Space

Risk for
highest

AECB-1119
(Fourth draft)

Natural Gas
Nuclear
Oil
Hydro
Ocean Thermal
Solar Photovoltaic
Wind

Solar Thermal
Solar Photovoltaic Coal
Wind
Methanol

Solar Space
Methanol
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correcced , the ranklng« of Ref. 4 changed, so that the two right-hand columns of
Table I are not i d e n t i c a l . However, one aay run a Spearman rank corre la t ion
t e s t on these two columns to t e s t the ir s i m i l a r i t y . One finds a rho value of
0 .974 , corresponding to a corre la t ion c o e f f i c i e n t of 0 .98 . This suggests that
the second and third columns of Table 1 are almost i d e n t i c a l for a l l prac t i ca l
purposes.

A more s i g n i f i c a n t t e s t would be the comparison of the f i r s t column to the
l a s t , s ince the two s e t s of re su l t s were presumably obtained independently. To
make a f a i r comparison, geothermal and synfuels were removed from the f i r s t
column t s ince they do not have equivalents in the l a s t . As w e l l , the three
so lar e n t r i e s in the l a s t column were assigned an average rank of e i g h t h , s ince
the f i r s t column had only one entry for s o l a r . Ocean thermal was deleted from
the l a s t column, s ince It was not contained in the f i r s t . Using the Spearman
t e s t for e ight e n t r i e s , a value of rho of 0.905 was found for the f i r s t and l a s t
columns of Table 1. This corresponds to a corre la t ion c o e f f i c i e n t of 0 . 9 1 ,
suggest ing that the two columns are strongly corre la t ed .

In summary, at l eas t one Independent study tends to confirm the overa l l
r e s u l t s of Ref. 4 , If not the actual numerical va lues . Further research i s
needed Into the health e f f e c t s of a l l potent ia l ene»sy sources before d e f i n i t e
conc lus ions can be drawn.

NUCLEAR OCCUPATIONAL RISK

In the second part of t h i s paper, some comparisons are made of the various
sources of nuclear r i sk , s ince these values have been among the most contentious
In the risk debate. It i s not claimed that a l l evaluat ions of nuclear r isk are
discussed here, but only the more s i g n i f i c a n t recent compilat ions . In
p a r t i c u l a r , they are compared to those of Ref. 4, which s t a t e s that i t has
"maximized" the r i sk of nuclear power.

For s i m p l i c i t y , t o t a l r isk can be divided into occupational and public
a s p e c t s , sometimes termed voluntary and involuntary. Occupational r i sk
comprises mining and ref ining uranium, fuel transportat ion, bui lding and
operating reac tors , e t c . It w i l l be seen below that occupational r i sk seems to
be greater than public r i sk in many e s t imat ions . It should a l so be noted that a
number of the references c i t ed are reviews, so the coincidence of values i s
sometimes d e l i b e r a t e .

In Table I I , r e s u l t s are shown for a var i e ty of data sources . The data
from Ref. 7 should be approached with caut ion , s ince the to ta l r i sk for
gathering and handling fue l s are not shown in one comprehensive table in that
document. However, i t may be seen from Table I I that the es t imates of Ref. 4
are by no means the lowest in the t a b l e . They are s imilar to those of Comar and
Sagan [ 5 ] , whose maxima are higher than other es t imates in t h i s t a b l e . In
p a r t i c u l a r , va lues in Ref. 4 are up to 70 times higher ( i n terns of aan-days
l o s t ) than those of Smith, Weyant and Holdren [6J. The r a t i o of the t o t a l
number of man-days l o s t for gathering and handling fue l s from these two data
sources i s (0.7 + 0.1)/(1.0 + 0.03) - (4.2 + 3.6)/(2.4 + 0.05) - 0.8 - 3.2. The
maxima for Ref. 4 seem to be well above the other data sources (CONAES, Science
Applications and the United Nations).
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TABLE IT

Occupational Nuclear Risks froa Gathering and Handling Fuels, per megawatt-year
(assuming 6000 man-days lost per death, 30 days per Injury

__ and 100 days per non-fatal cancer).

Accidental
Death
Injury
Man-days lost

Disease
Death
Disability
Man-days lost

AECB 1119
(Ret. 4)

0,8-5.7x10-4
3.4-16x10"3

0.7-4.2

2.2-60x10-5
1.1-1.6x10"5

0.1-3.6

Smith, Weyant
& Ho Id r en
(Ref. 6)

1.2-2.7x10"*
5.2-15x10"3

1.0-2.4

0.5-0.8xlO"5

I . l -1.6xl0~5

0.03-0.05

Coiiar &
Sagan (a)
(Ref. 5)

0.8-5.7x10"4

3.4-16x10"3

0.7-4.2

2.!-60xl0-5

0.1-3.6

Accidental
Death
Injury
Man-days lost

Disease
Death
Disability
Man-days lost

Science
CONAES Applications United Nations
(Ref. 1) (Ref. 7)(a)(b) (Ref. 8)

Unspecified 1.1-3.2x10"* 2.3-3.4x10"4
Unspecified 3.6-19xJ0"3 Unspecified
Unspecified 1.0-3.8 1.4-2.0

1.6xlO"4 0.16-3.9xl0"4 2x10"4

Unknown Unspecified Unspecified
1.0 0.1-2.3 1.2

(a) Assuming a load factor of 0.7
(b) Includes mining, milling, conversion, diffusion, enrichment and fuel

fabrication.

Similar tables could be prepared for two other categories: transportation
and e lectr ic i ty production. In the interest of saving space, they are not shown
here. However, the occupational transport values of Ref. 4 are taken directly
from Smith and Holdren [6 ] , and are, in terms of total man-days l o s t , between 1
and 4 times that of Comar and Sagan [5] . Transportation risk i s not estimated
directly in Che United Nations [8 ] , CONAES [1] or Science Applications [7]
reports.

The occupational risk from e lectr ic i ty production, i . e . , operating
reactors, i s estimated to be about 0.41 man-days lost per megawatt-year in Ref.
4. This compares to a value of about 0.4 in Comar and Sagan, and 0.34 - 0.86 in
Smith and Holdren. However, Erdmann [9] uses a total number of deaths for this
aspect of the fuel cycle which i s 39% - 43% that of Ref. 4. A report to the



-360-

American Physical Society [10] quotes a radiat ion dose of 0.1 man-rea/MW yr ,
implying 0.06 man-days lost per MW yr, much lower than in Ref. 4. The authors
note that " th i s number must be regarded as quite uncertain, and we quote the
order of magnitude for reference purposes only."

Waste management values in Ref. 4 were taken d i rec t ly from Smith, Weyant
and Holdren 16], and total led 0.46 nan-days los t per MW yr. It was noted that
th i s number applied to reprocessing only, and did not Include r isk from
long-term storage or disposal . However, a number of recent studies suggest that
the l a t t e r values of r isk wil l probably be small . Ref. 10 indicates that the
world population dose commitment from waste management is negl ig ib le , presumably
l e s s than 0.01 man rem/MW yr, or 0.006 man-days lost/HW yr . The calculated
cancer mortality per MW yr from radioactive waste management., according to a
United Nations report , i s 6 x 10"10 Per year [11] . Erdmann [9] suggests 5 x
lO"*" la tent cancers per megawatt-year for post-closure of a waste
reposi tory. Science Applications [12] estimates a t o t a l number of man-days los t
for a reprocessing f a c i l i t y , including both radiological and non-radiological
hazards, of 0.02 man-days lost per MW yr . I t can then be seen that the
estimates used in Ref. 4 a r e , if anything, higher than most other values.

The l a s t draft of Ref. 4 contains two sources of r i sk which apparently are
not included in the other l i t e r a tu r e c i ted . F i r s t , an estimate i s made of the
r i sk produced by building the reactor, obtaining the. mater ia ls , e t c . This
cons t i tu tes about 1.4 man-days los t per MW yr. In addit ion, estimates are made
of the public health r isk in emissions from producing the s t ee l used in the fuel
cycle . This public risk is estimated to be 0.3-0.8 man-days lost per MW yr.

In t o t a l , Ref. 4 estimates 2.5-10.0 occupational man-days l o s t per MW yr
for l ight-water f i ss ion . This compares to 0.8-7.8 for Comar and Sagan, and
1.0-2.4 for Smith and Holdren. Estimates of CONAES, the United Nations and
Science Applications Inc. are also lower. I t can then be concluded that Ref. 4
has not inadvertently underestimated nuclear occupational r i sk .

NUCLEAR PUBLIC RISK

Values for th is quantity in Eef. 4 were taken d i rec t ly from Comar and
Sagan, and were estimated to produce 0.2-1.4 man-days los t per MW yr. Other
est imates are ava i lab le . A Norwegian study [13] estimates a death ra te of
0.057-0.43 that of Ref. 4. A Finnish study [14] has a ra t io of deaths compared
to Ref. 4 of 0.01-0.37. A Soviet study [15] has an even lower r a t i o .

Some estimates are higher than those used in Ref. 4. Caputo [16] estimates
the effect of "public large accidents" as 0.003-10.8 man-days los t per
megawatt-year, although the basis for his reasoning i s not made c lea r . This i s
0.015-7.7 times that of Ref. 4 . The Union of Concerned Scient i s t s in the United
Sta tes [17] est imates 2.4 deaths per reactor year. Assuming a 1000 MW reactor
with a 0.75 load factor , th i s corresponds to 2.4/1000 x 0.75 - 3.4 x 10~3

deaths per megawatt-year. This i s 15 times the maxiraun of Ref. 4 . Using the
values of Caputo and the UCS would increase the value of nuclear r i sk , but would
not change i t s ranking in terms of overall r i s k .

There must be a re la t ionship between estimates of nuclear public r isk and
ac tua l operating experience. Brooks and Hollander [2] wr i te : "If we assume 200
reac tor -years without a meltdown, then th i s upper l imit i s about 1 l a ten t cancer
death per reactor year . The true s t a t i s t i c a l expectation almost cer ta in ly l i e s

between th i s value end the estimate of 0.025 la ten t deaths per reactor year
given in WASH-1400." Using the values for reactor s ize and load factor
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raentioned above, and noting that Ref. 4 assumes a maximum death rate of 23 x
10"5 per MW yr, this is about (1/1000 x 0.75)/23 x 10"5 - 6 times the
upper l imit of AECB 1119 in terms of deaths. This would add about 7 man-days
lo s t per MW yr to nuclear power, but again not change i t s overall ranking."

Finally, one can compare these semi-theoretical estimates of nuclear pulbic
risk with actual experience. The Three Mile Island accident produced about
3,300 aan-rems of exposure. If one converts this to deaths using the BEIR
formula and allows 6,000 man-days lost per death, the accident should produce
about 3,300 x 10~^ x 6,000 - 2,000 man-days l o s t . The amount of nuclear
e l ec t r i c i ty produced to the end of 1978 in the western world and Jap^n was about
170,000 megawatt-years Cl8j. The average risk would then be
2,000/170,000 - 0.012 man-days lost per MW yr, or about 0.92 - 7% of the values
used in Ref. 4.

It can then be concluded that the nuclear public risk used in Ref. 4 i s
within reason. Even i f higher estimates are used, the overall ranking of this
energy system does not change.

SUMMARY

The relative risk rankings of energy systems as computed in AECB 1119
compare well with an independent study, even when errors are corrected and new
data factored in. In particular, both the occupational and public risk or this
study do not seem to be grossly underestimated in comparison to other studies.
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ABSTRACT

A critical review of the literature pertaining to the
risks associated with nuclear electric power was sponsored
by the Committee on Science and Public Policy of the National
Academy of Sciences. Although the full report (consisting of
over 25 chapters) has not yet been published, this paper pre-
sents highlights from the "Summary and Synthesis Chapter,"
which was released separately. Of the risks whose magnitudes
can be estimated with reasonable accuracy, the most serious
is the exposure of future generations to ^ C from reactors
and reprocessing plants. Prospects are good for reducing
this risk considerably, since carbon can be collected and
stored as waste.

This paper is adapted from a critical review of the literature per-
tainiKg to the risks associated with nuclear electric power. The review
was sponsored by the Committee on Science and Public Policy of the National
Academy of Sciences. Although the full report (consisting of over 25
chapters) has not yet been published, this paper presents highlights from
the "Summary and Synthesis Chapter,"2 which was released separately. The
essential aspects of the scope and limitations of this work include the
following:

• Since a comprehensive review of the many scores of thousands of techni-
cal documents in the areas covered could not be attempted in a report of
this size, attention has heen focused primarily, but not exclusively, on
the review literature, that is, on surveys and evaluations of available
knowledge in the field.

• Even this survey of review literature is far from exhaustive; however,
the reviewers have striven to take into account all significant points
of view in the issues treated, using many items in the primary technical
literature as sources and attempting to find the primary sources for
assertions that have been made In books and articles written for non-
specialist readers. Issues have heen identified in which — after they
have been reduced to purely factual terms — there is now essentially no
disagreement in the technical community.

I
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Figure 1 illustrates some of the details of the nuclear fuel cycle.
The column of boxes and arrows summarizes the principal steps in the
nuclear fuel cycles now used, or prominently discussed for future use, for
the production of electricity in the United States. These steps extend
from the initial mining of uranium (of thorium) at the top to the ultimate
disposal of wastes at the bottom. The technologies involved at each stage
have been described briefly in Chapter 2 (Ref. 3). Transportation opera-
tions are usually required at the places indicated by the arrows. At many
stages in a nuclear power program, choices may be made between alternative
technologies; some of the more important of these choices are noted in the
next to the last column. The principal immediate causes of risk associated
with each stage of the fuel cycle are identified at the right and left of
the boxes — those associated with routine operation on the left and those
associated with accident or malice on the right.

Most of the material presented in this summary is organized into sec-
tions according to the kinds of immediate causes. This organization cuts
across that used for the remaining chapters of the report, most of which
have dealt with specific stages in the fuel cycle. The central discussion
of risks is presented in a section surveying some of the basic scientific
facts required in assessing the various kinds of risks.

This overall assessment of the risks associated with nuclear power
concentrates on risks of radiological origin, augmenting these only with
some concerns arising from the weapons potential of nuclear fuels. The
risks associated with nuclear power via various types of nonradiological
injury to humans are much less important than the radiological risks and
also much smaller than the nonradiological risks associated with most
alternative means of producing electricity (coal, solar, etc.). Risks of
ecological damage due to discharge of waste heat, although sometimes
appreciable, are not unusual to nuclear power and can be reasonably well
anticipated. The radiological risks to nonhuman life on land and in water
have been ignored in this report, since these seem normally to be less
serious than the corresponding risks to humans.

To assemble the knowledge of radiological risks to humans into a use-
ful overall picture, one should consider, for each possible source of ex-
posure, the following characteristics:

• The statistical expectation for the population dose equivalent in
person-rems that will be delivered by this source per unit of electrical
energy generated. (By this is meant the sum of the dose equivalents
received by all exposed individuals.)

• The distribution of this dose equivalent in time, particularly as re-
gards present versus future generations.

• The likelihood of catastrophes that will have an economic or psychologi-
cal shock effect not measurable by the person-rem dose just described.

• The reliability with which these quantities (statistical expectation of
population dose and probabilities of catastrophes) can be estimated for
a given assumed technology.

Table I summarizes characteristics for each of the major sources of
risk identified. It gives the statistical expectation of the population-
dose equivalent per gigawatt-year of electricity generated [GW(e)year] for
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Routine
Occurrences

Nonroutine
Occurrences

Principal Available
Technologies (U. S. present Chapter

practice underlined) (in Ref. 3)

radon in mines
surface and
ground water
contamination
by tailings
radon from
tailings
exposure of
mill workers

• routine
radiation
release

• occupational
exposure

routine
radiation
release

URANIUM OR
THORIUM

MINING, MILLING

FABRICATION }

SPENT
ELEMENTS

(possible
interim
storage)

LOW- AND INTER-
MEOIATE-LEVEL
WASTE DISPOSAL

HIGH-LEVEL
WASTE

MANAGEMENT

theft of U-235
(if fuel highly enriched)

theft of U-235 in transit
(if fuel highly enriched)

• theft of Pu, U-235
• fire, sabotage

• theft in transit
• fire, accident,

sabotage

accident, sabotage
(including spent-fuel
storage area)

• accident, sabotage
in transit

fire, accident,
sabotage, theft of
U-235, U-233, Pu

leakage

• accident, sabotage
in transit

• accident, sabotage
• geological change

Open-pit or underground
mines

Th as well asJJ mining
Cover tailings?

Alternatives:
Gaseous diffusion,

centrifuge, nozzle
flow, lasers, etc.

High or low enrichment

Alternative fuels:
UO2 , (U, Pu) O2 .

or fuels containing Th

Alternative reactor types:
Light-water, heavy-water,

gas-cooled,
liquid-metal fast
breeder, etc.

Store spent fuel, reprocess
it, or discard it?

Reprocess or not?
Adapt to various kinds

of fuels
Avoid isolating Pu?

Dilute and disperse vs.
concentrate and contain

Choice of type of disposal
site

Utilization of actinides and
some fission products

16, 17

19. 25

25

20, 25

25

11

12-15

21

22

23,25

22

Fig. 1 Principal riikt and relevant alternatives in the nuclear fuel cycle.



Table I Summary of Risks Associated with Low-Level Radiation Exposures Attributable to the Production of Nuclear Electric Power

Source of risk

Occupational
exposure

Public exposure
from normal
effluents

Public exposure
from tailings
piles

Reactor
accidents

Other
accidents

Leakage from
waste
repositories

Section of
Ref. 2

HI

III, V.2

V.I

IV.2,3,4,5

IV.1,6

V.3

Expectation of population doie, in peiion-
tems pet GW(e)yeat of electricity produce*,

with present technology

Present
generation

-1600"

moo"-6

1
U35O0'*

Very small

Reactor Safety
Study* estimates
~120; absence of
major accidents'1

to date gives in-
equality < 1 0 4 - 1 0 s

Very small,
according to
most studies

Small/

Future
generations

f l700 6

16000*

Estimates for per-
petually uncovered
piles range from
1.5x10* to2x 104;
actual values may be
much less

Much less than
"present generation"

Much less than
"present generation"

Few attempts at
quantitative esti-
mation have been
made; these have
usually indicated
small dose expecta-
tions even if leakage
occurs^

Degree of uncertainty
fot a given technology

Probably only a fraction
of the value given

Probably only a fraction
of the value given for the
case of no reprocessing;
a little more uncertain
with reprocessing

Very uncertain, as result
dependent on future
population distribution,
weather, and geology,
especially with covering
by transport of dust

Conceded to be quite un-
certain, with most
qualified judgments
favoring values between
a fraction of the Reactor
Safety Study value and
100 times it

All literature is in
reasonable agreement,
except for a few workers
who speculate on the
possibility of higher
releases for some trans-
portation accidents'

Although active acceptance
of the conclusions to
the left is limited, {here
seem to be no specific
dose and probability
analyses disagreeing with
them; some unresolved
issues concerning likelihood
of leakage

Opportunities for
modification

Probably modest, but data on
variation with types of re-
actors and their ages are
scanty

Larger if escape of xenon0

or 1 4 C (footnoted) is
allowed to increase.
Future-generation doses
severalfold;smaller if " C
is captured in reprocessing'

May be greatly reduced by
covering; surely greatly
reduced by reburial, re-
duced by a factor of ~50
in a breeder economy

Might be appreciably reduced
for light-water reactors:
probably substantially less
for at least some of the
other reactor types

Reprocessing plant accidents
can occur only if there is
reprocessing; transporta-
tion accidents can be de-
creased by "nuclear parks"

Although many of the pro-
posed modes of disposal
would yield low dose ex-
pectations, very careful
site selection might make
the expectations far lower
still

Remarks

Mostly from reactor
operation; some from
mining

Future-generation dote
dominated by ' 4 C (half-
life 5570 years)

Incremental dose rate
at all times a minute
fraction of background;
may be compensated at
very long times by re-
moval of uraniurr/

Accidents in reprocessing
and perhaps in trans-
portation, although rue,
have the greatest pos-
sibilities to deliver
sizable population doses

Most important desideratum
is to minimize chance
of escape to the environ-
ment in the fust few
hundred years

I
OJ



Table I (continued)

Source of risk

Proliferation
of nuclear
weapons
among
nations

Terrorism

Expectation of population dose, in person-
teml per GW(e)yeir of electricity produced,

with present technology

Section of Present Future
Ref. 2 generation generations

VII.l Larger if nuclear warfare results; small other-
wise

VII.2,3 Small unless successful terrorist acts become
quite frequent or succeed in dispersing much
more radioactivity than would be possible
from a bomb or a spent-fuel shipment

Degree of uncertainty
for a given technology

Very diverse judgments
exist as to whether ;md
in what manner a nuclear
electric-power program
will affect weapons pro-
liferation

Diverse judgments on
motivations and capabili-
ties of terrorists and of
their preferences between
nuclear and nonnuclear
means; no serious anti-
population attempts to
date

Opportunities for
modification

International centers;* co-
precipitation of uranium
and plutonium or isotopic
denaturing of fissile
uranium'

Can be reduced by avoiding
use of highly enriched
fuel, by measures similar
to those on the line above,
and in general by tightened
security

Remarks

Suggestions associating
nuclear power with
proliferation most often
do so via enrichment
or reprocessing facilities
or power reactors using
highly enriched fuel

Most plausible paths
seem to be bomb con-
struction or capture
and dispersal of spent-
fuel shipments

i.
ON

overall probability of cancer induction may be larger, by a modest fraction, than it would be if only the whole-body dose were received.
6The upper figure is for the case.of no fuel reprocessing; the lower for the case in which all fuel is reprocessed and plutonium as well as uranium is recycled.
cFigure tabulated assumes that short-lived xenon isotopes are held up in boiling-water reactors until most of their activity has decayed; past emissions from boiling-water

reactors without such holdup have delivered population doses greater by something like 400 or 500 person-rems/GW(e)year. (See Section III.2 of Chapter 12.)'
dSome foreign reactors seem to produce considerably more ' * C than do U. S. reactors, possibly because of the presence of nitrogen. (See Section III.5 of Chapter 12.)3

eAs detailed in Chapter 21 and Section V.3 of Chapter 22 (Ref. 3), it is likely that future reprocessing plants will sequester * * C and store it as waste rather than discharging
it to the environment. No such retention is likely for the rather smaller amounts of' * C released from Ugh t-water reactors, but some other reactor types may release less of this
isotope. (See Chapter 14, Section II.2, and Chapter IS.)3

•n"i:ne stale for the population dose from tailings is ~105 years; that for the decrease in natural's 2 Rn due to consumption of uranium is ~10* -10* years.
* Reactor Safety Study.'
'"'Major accidents" defined as those releasing significant radioactivity to the environment.
'Although it seems agreed that transportation accidents in which spent-fuel casks are ruptured will be very rare, the severity of such happenings depends greatly on whether

one adopts the most favored assumption of release of 10~4 of the ' 3 7Cs inventory or postulates that as much as 10~J of it can be released.
Arhese conclusions assume waste to be placed somewhere where its probability of escape in the next few hundred years will be extremely small; the feasibility of this is not

seriously disputed. After this time, some authorities believe that the future-generation population dose will be small [compared, say, with the figures 103~104

person-rems/GW(e)year in the earlier rows of this column] whatever the rate of escape; others, while unwilling to reject the possibility of a large population dose in case of
escape, feel that the probability of escape in the next 10s - 1 0 ' years, although not accurately predictable, can be made so small that its product with the dose just mentioned
will be small.

^Centers at which all enrichment and reprocessing operations isolating high concentrations of fissile uranium or plutonium and all reactors using highly enriched fuel are
maintained under international control.

'Restriction, under international surveillance, to technologies in which plutonium at no stage appeals in pure form, and where fissile isotopes of uranium occur only with
sufficient dilution by nonfissile isotopes to make the fuel unusable for bomb construction.
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each source of risk; for cases involving accidental occurrences, this
means that the population dose delivered when an accident occurs is multi-
plied by the probability, per GW(e)year, that such an accident will occur.
The conversion of these figures, in person-rems per Gtf<e)year", to ultimate
cancer fatalities, genetic abnormalities, etc., is somewhat uncertain; the
figure currently most widely used is that on the average there- will be
about one eventual excess cancer death per 5000 person-rems of whole-body
dose. Inspection of the data suggests the following overall conclusions:

• Of the risks whose magnitudes can be estimated with reasonable accuracy,
the most serious is the exposure of future generations to 1J*C from
reactors and reprocessing -plants. Prospects are good for reducing this
risk considerably, since it is possible to collect and sequester carbon
at reprocessing plants and store it as waste. The risk of release from
reactors is several times smaller.

• Of the risks about whose magnitude there is great uncertainty, but which
can in principle be quantified, the one that may possibly — though pos-
sibly not — deliver the largest population-dose is the exposure of popu-
lations in the extremely remote future (time scale of the order of
10 000 years) to 222Rn emitted from abandoned piles of ore tailings.
This risk is very uncertain in magnitude, would be vastly decreased in
a breeder economy, and would be manifested as an extremely minute change
in background radiation on a very long tlue scale. This latter fact
causes some people to consider discussion of the long-term risk point-
less, but many would disagree, arguing that person-rem totals are an
important consideration, however slowly they may be accumulated.

• Of the remaining sources of risk, the one whose range of uncertainty
extends to the largest values is reactor accidents. The statistical
expectation of population dose from these accidents may be significantly
smaller or larger than that from other quantifiable sources. Several
lines of research that are in progress or can soon be undertaken offer
hope both for reducing the consequences of accidents (e.g., by preven-
tion of overpressure rupture of the containment building) and for re-
ducing the uncertainty in our estimates of the probabilities of serious
accidents (e.g., reliability of core-cooling systems, likelihood of
steam explosions).

• It is acknowledged that nuclear power programs are neither the cheapest
nor the most satisfactory source of material for weapons, and nations
that have thus far made explosive devices have not done so rising power
reactors. Nevertheless, the risks from a possible positive correlation
of such programs with the proliferation of nuclear weapons or with
terrorism are very disputable and cannot be quantified by technological
analysis alone. Some informed evaluations have considered such risks
to be small, but others — including the Flowers report,** the Fox re-
port, 5 and the Ford-MITRE study6 — have emphasized the possibility,
which cannot be excluded on purely technological grounds, that these
risks may significantly exceed all others in the nuclear fuel cycle.

• In none of the cases so far studied in the literature have alarmingly
|i high values Been estimated for the time-integrated population dose that

jj people in the future might receive if buried wastes were to be leached
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by groundwater into the surface environment. Thus, while many authori-
ties have called attention to gaps in our knowledge about some of the
factors that bear on the probability and time scale of such eventual
leaching, it is not necessary to strive for absolute assurance against
escape. One can pursue the much more attainable goal of finding dis-
posal sites for which the product of probability of escape times the
consequences if escape occurs can be made reasonably small on the scale
of normal-operation consequences. In a number of studies involving many
highly qualified experts representing a full spectrum of opinions, waste
management has not been considered a major obstacle.7'8

In conclusion, it is extremely important to bear in mind the qualifica-
tions noted at the beginning of this summary: the nuclear power risks to
which the present report is devoted pertain to only one square in the matrix
of kinds of information needed for decision making on energy programs. Even
for electrical energy, one must decide among a number of alternative tech-
nologies or sources for producing it, and for each of these one must esti-
mate its benefits, costs, time scale, and risks; one must also bear in mind
the costs and risks of not producing it. This review has discussed only the
risks of a single one of the alternatives.
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A REVIEW OF CLADDING-COOLANT INTERACTIONS DURING
LWR ACCIDENT TRANSIENTS

D. 0. Hobson

Metals and Ceramics Division
Oak Ridge National Laboratory*
Oak Ridge, Tennessee 37830

ABSTRACT

This paper examines briefly some of the coolant-cladding inter-
actions that can take place during two different types of reactor
accidents: the design basis loss-of-coolant accident and the Three
Mile Island loss-of-coolant-accident. The physical manifestations
of the interactions are quite similar, but the time sequences
involved can cause very different end results. These results are
described and a listing is given of the main research programs that
are involved in coolant-cladding interaction research.

INTRODUCTION

In a broad sense anything that happens to the Zircaloy cladding of a
fuel rod during a light-water reactor accident transient can be attributed to
a cladding-coolant interaction. Loss of cooling water, either through a drop
in the water level in the core or because of film boiling, leads to oxidation
of the cladding by steam and eventually to embrittlement. Loss of coolant
pressure, usually accompanied by a temperature rise in the cladding, leads to
cladding rupture. Even under normal operating conditions, the coolant over-
pressure on the cladding exterior causes the cladding to creep down slowly
onto the fuel pellets. After such pellet-cladding contact is achieved, an
accidental reactiwty insertion could cause a sudden diametral increase in the
pellets with accompanying tensile strain in the cladding and possible cladding
failure.

Zircaloy-4 is a relatively inert material at the operating conditions of
a power reactor. It is neutron economical and possesses adequate strength for
the job it has to do. During certain types of accidents, however, it can
reach conditions that negate several of these good properties. This paper
will review the behavior of Zircaloy cladding through two different accident
scenarios. Although the cladding undergoes almost identical metallurgical and
chemical interactions in the two accident types, the outcomes of the cladding-
coolant interactions can be widely different, depending upon the time scale
involved.

DESCRIPTION OF ACCIDENTS

Two different accident scenarios will be used to illustrate cladding-
coolant phenomena in this paper. One of these, the design basis (DBA) loss-
of-coolant accident (LOCA) has been the premier bete noiv against which
reactor safety systems have been measured for the past decade. This accident

*0perated by Union Carbide Corporation under contract W-7405-eng-26 with
the U.S. Department of Energy.
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assumes breakage of a major coolant water pipe, with unimpeded coolant loss
from both sides of the break. The time scale for coolant blowdown and exit
from the pressure vessel, fuel element heatup, and, finally, cooldown by the
emergency core coolant system (ECCS) is measured in minutes.

The second accident type is one that is familiar to everyone interested
in nuclear power — the Three Mile Island (TMI) accident. This is basically a
small-break LOCA, aided by coolant flow stagnation, that results in slow boil
off of the water in the pressure vessel. Cladding-coolant interactions occur
as the fuel elements are uncovered. The time scale for the TMI-type accident
is measured in hours.

In the DBA LOCA, the core coolant inventory is lost over a period of tens
of seconds as some of the water flashes to steam and the two-phase mixture
exits through the large pipe break. The change in the coolant from high-
pressure water to steam at a lower pressure has several effects on the fuel
cladding: The heat transfer rate from fuel to coolant drops sharply, the
cladding temperature increases, oxidation accelerates, and cladding rupture
results from the imbalance between fuel rod internal pressure and the
decreasing system pressure.

The small-break LOCA provides a different time perspective for interaction
between the Zircaloy cladding and the coolant. Instead of a rapid expulsion
of coolant with fuel rod heatup, rupture, and cooldown, the fuel rods are sub-
jected to steam exposure from slow boil off of the reactor vessel inventory of
water. As the water level drops, the exposed rods heat up, rupture, and
oxidize. Some cooling is provided by the steam as it passes out of the core
but not enough to stop the heatup.

CLADDING-COOLANT INTERACTION

During normal pressurized water reactor operation, the situation shown in
Fig. 1 exists. Heat transfer is occurring from the fuel pellets through the
gas gap and cladding to the coolant. Heat from the fissioning fuel pellets
maintains the fuel cladding at 330 to 350°C and the coolant around 300°C, with
an overpressure of 15 to 16 MPa preventing boiling of the coolant. Under

COOLANT
(WATER)

• PROVIDES OVERPRESSURE

• PROVIDES COOLING

• OXYGEN SOURCE

CLADDING
(ZIRCALOY)

• STRUCTURAL
MATERIAL

• AVID OXYGEN
SCAVENGER

GAS GAP
(HELIUM + FISSION GAS)

• PROVIDES INTERNAL
PRESSURE

• PROVIDES RESERVOIR
TOR FISSION PRODUCTS

FUEL
( U 0 2 l

• HEAT SOURCE

• FISSION GAS
SOURCE

Fig. 1. Coolant, Cladding, Gas-gap, and Fuel Pellet Relationship
During Normal Reactor Operation.
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these conditions the cladding is relatively inert to the coolant; only a thin,
protective oxide buildup and a very slow absorption of hydrogen take place. A
fill gas plus accumulating fission gas provides an internal pressure to
decrease the creepdown rate of the cladding and increase heat transfer.

The Design-Basis Accident

The temperature-pressure-time relationships in a DBA are plotted schemat-
ically in Fig. 2. Coolant blowdown starts when the break occurs, with steam
flashing and two-phase flow out of the core. Although reactor power is cut as
soon as the break occurs, two heat sources remain — heat from redistribution
of the pellet centerline temperature and decay heat from the fission product
inventory of the fuel rods. The first temperature peak, caused by the inter-
action of redistribution heat and blowdown heat transfer cooling, probably
causes little gross damage to the cladding. Some oxidation may occur, but the
time above 850 or 900°C (the threshold temperature for serious oxidation) is
too short. System pressure is still high enough to prevent cladding rupture.
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Fig. 2. Temperature, Pressure, Time Relationships in the Design-Basis
Loss-of-Coolant Accident.

At the time of the second temperature rise, the core flood tanks have
emptied, the high-pressure injection pumps are functioning, and the low-
pressure pumps are coming into their operating range. Much of the cooling of
the core at this point is provided by flowing steam. As the cladding tem-
perature rises past 850 to 900*0, oxidation starts by decomposition of the
steam and absorption of and reaction with the oxygen from the steam. At the
elevated temperatures Zircaloy is an avid oxygen scavenger.

The combination of decay heat and the exothermic heat of formation of
Zr(>2 can produce quite high heating rates in the cladding, rates that may
approach 100°C/s. Cladding rupture will occur as the temperature rises and
the pressure difference across the wall increases from internal gas heatup and
coolant pressure decreases. Figure 3 shows, schematically, the fuel rod con-
ditions after rupture and oxidation, and Fig* 4 is a photomicrograph of a spec-
imen oxidized at 1203"C for 600 s. The reaction layers are clearly seen — an
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CLADqiNG
• STRUCTURAL INTEGRITY LOST

• HEAVILY OXIOIZEO

• EMBRITTLED

• FUNCTIONING AS A HEAT SOURCE

FUEL
• CRACKED AND FRAGMENTED PELLETS

• STILL FUNCTIONING AS A HEAT SOURCE (DECAY HEAT)

• FISSION GAS SOURCE

Fig. 3. State of the Fuel and Cladding Following Rupture and Oxidation.

Fig. 4, Cladding Cross Secition After Exposure at the Outer Surface to
Flowing Steam for 600 s at 1203°C. The outer ZrO2 layer is at the top. The
Columnar-Grained Oxygen-Stabilized ot-phase is below the oxide, and the bulk of
the wall is composed of material that was in the 6-phase during oxidation.
From R. E. Pawel, ORNL.
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outer layer of ZrC>2, a middle layer of oxygen-stabilized oc-Zircaloy, and the
bulk of the wall material that was in the 3 phase during oxidation.

The emergency core cooling system (ECCS) of the reactor is designed to
stop the temperature increase of the fuel rods during a LOCA and start
cooldown before the cladding reaches 1200°C (2200°F is the official criterion).
In this case, at least for a "typical" transient, the oxidation would be less
than that shown in Fig* 4, and the embrittlement caused by absorbed oxygen
and, to a lesser extent, the small amount of hydrogen present in the cladding
would be within reasonable bounds.

If the reactor had no ECCS capabilities, the temperature of the cladding
in the central part of the core would follow the dotted line in Fig. 2 to the
melting point of the cladding, 1850-1900°C.

The TMI-Type Accident

This accident form consists of a slower sequence of events that could
lead to quite different results than the DBA. Figure 5 is a schematic of the
temperature-time relationships that could obtain during the accident. Heatup
of the cladding starts well after reactor power has been shut off and decay
heat has decreased substantially from its immediate post-shutdown value of
160—170 MW to a level of 10—15 MW. This Is still sufficient power to boil
away the stagnant water inventory of the core.

MELTING POINT
OF REMAINING ^K
METALLIC PHASE—^

j
TUBE RUPTURE r /
AND BEGINNING j /
OF OXIDATION Sf

I

^ - - - ^

/*•—-TOTAL OXIDATION
1 OF Zr TO ZrO2

/

TIME (SEVERAL HOURS)

Fig. 5. Schematic of the Temperature and Time Relationships for the
TMI-Type Accidents: Two Different Heatup Rates are Shown, Each of Which
Produces a Different Final Result.

Cladding heatup rates as the core begins to be uncovered are controlled by
several variables. Steam and two-phase cooling will prevent rapid heatup
rates as core uncovering begins, but as the coolant level drops the tem-
perature eventually will increase. At this point the rate of temperature rise
will determine the final state of the fuel rods. A relatively fast heating
rate will drive the cladding past the melting point of the metallic
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constituents before they are converted completely to oxide. Conversely, a
slower heatup rate will allow total oxidation to occur, so that the melting
points of ceramic materials are involved. Figure 6 is a ternary phase diagram
that illustrates melting behavior in the U-Zr-0 system. While the real
system — involving Zircaloy instead of zirconium — would be slightly different
from Fig. 6, the melting points are illustrative of the real situation.

OXIDATION OF Zr MOVES THE
CLADOING COMPOSITION TOWARD
ZrO2. IF THE CLADDING TEMPER-
ATURE REACHES THE INTERVEN-
ING MELTING POINTS BEFORE
ZrO2 IS FORMED, LIQUID WILL
FORM. THIS LIQUID CAN DISSOLVE
U0 2 AND WILL FORM A STILL
LOWER MELTING LIQUID.

ONSET OF MELTING IN THE U - Z r - 0 SYSTEM
I *C J

FROM"- P- HOFtMNN
KfK

Fig. 6. Melting Point Diagram for the U-Zr-0 System.-

It is ironic that the same substance, coolant water, that is essential
for the successful operation of a power reactor can become an aggravator of
the accident situation. Water provides the oxygen for the oxidation and
embrittlement of the cladding and, through the chemical heat of formation of
ZrO2, provides part of the heat energy needed to drive the cladding tem-
perature up. This results in a vicious cycle that ends either when the
transient is overwhelmed by the ECCS or when the zirconium is either all
converted to oxide or else has become inaccessible to the oxygen through
eutectic melting.

CURRENT RESEARCH

Early research related to coolant-cladding interaction under LOCA con-
ditions was performed primarily at Oak Ridge National Laboratory (ORNL) and at
Aerojet Nuclear Company (now EG&G-ldaho, Inc.) from 1968 to 1971 and by the
various reactor vendors on an almost continuous basis from approximately 1968
on. Following the ECCS hearing in Washington, D.C., in 1972, and the sub-
sequent splitting of the Atomic Energy Commission into the Energy Research and
Development Administration (now in the U.S. Department of Energy, DOE) and the
Nuclear Regulatory Commission (NRC), new research programs were authorized to
study in detail the various mechanical, thermodynamic, chemical, and
metallurgical aspects of coolant-cladding interactions.

The NRC-sponsored research programs studying coolant-cladding inter-
actions have included oxidation kinetics work at ORNL, led by J. V. Cathcart;
multirod burst testing at ORNL, led by R. H. Chapman; single-rod burst testing
and embrittlement at Argonne National Laboratory (ANL), led by T. F. Kassner;
and a comprehensive set of research programs that include work within the
Loss-of-Fluid Test (LOFT) Facility and studies in the Thermal Fuels Behavior



-378-

Program, under the direction of L. F. Ybarrondo at EG&G-Idaho. The last
program includes the testing of single fuel rods and fuel rod clusters under
power-cooling-mismatch, loss-of-coolant, and reactivity-initiated accident
conditions.

In addition to the government-sponsored programs, research continues to
be done by reactor vendors and by power utilities, principally at the Electric
Power Research Institute (EPRI). Work coordinated by EPRI in the field of
coolant-cladding interactions has been heavily concerned with oxidation
kinetics in steam and with coolant rewetting characteristics following a LOCA.

Foreign research on coolant-cladding interactions has been under way for
several years — principally in (1) W. Germany at Kernforschungszentrum
Karlsruhe (KFK) and at Kraftwerk Union (KWU) at Erlangen; and in (2) Japan at
Japan Atomic Energy Research Institute (JAERI). This research has closely
paralleled the U.S. work, with minor differences in test methods and materials
used. Other countries investigating reactor safety problems include Canada,
with the Atomic Energy of Canada, Ltd. (AECL) studying oxidation and
embrittlement; Great Britain, with the Central Electricity Generating Board
(CEGB) and the United Kingdom Atomic Energy Authority (UKAEA); and Norway, at
OECR-Halden. The above listing is not exhaustive, but it should give an indi-
cation of the quantity of research devoted to understanding coolant-cladding
interactions.

CONCLUSIONS

Much of the research discussed above is either finished or else in the
final stages of work. In particular, the oxidation and embrittlement work
sponsored by NRC and EPRI is essentially completed and should be available for
use by NRC to change or modify existing licensing criteria. Single-rod and
multirod burst testing is nearing completion, and data should be available for
licensing within the next year or so. In-reactor testing is being stressed at
present and will continue for several years.

In conclusion, the technical problems involving coolant-cladding inter-
actions that first came to light in the late 1960s and early 1970s are finally
reaching resolution as a result of an international effort in safety research
and development. It is interesting that older research has stood the test of
time quite well; the early findings have been modified and refined extensively,
but they have stood the test of time. This gives added confidence that
cladding-coolant interaction phenomena are becoming well understood.
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INFLUENCE OF GAS PRESSURE AND COMPOSITION ON
FUEL TEMPERATURE OBSERVED IN THE USNRC/HALDEN ASSEMBLY IFA-430a

R. W. Miller
A. D. Appelhans

S. J. Dagbjartsson

EG&6 Idaho, Inc., Idaho National Engineering Laboratory
Idaho Falls, Idaho

ABSTRACT

A series of fuel behavior experiments have been conducted in the Heavy
Boiling Water Reactor in Halden, Norway, to assess the effects of fuel rod
internal fill gas pressure and composition on fuel temperature. Fill gases
composed of He, 90% He/10% Xe, and 952 He/5% Xe at pressures from 0.1 to
5.0 MPa, were introduced into two light water reactor (LWR) design fuel rods
in the Instrumented Fuel Assembly 430. These two fuel rods are connected to a
gas flow system which allows the fill gases to be exchanged during nuclear
operation. The two rods are identical in design except for fuel-cladding gap
sizes, which are 0.1 and 0.23 mm.

The data generally confirm the effects of gas pressure and composition on
gap conductance as currently modeled in the FRAP-T5 computer code except for
pressures above 1.0 MPa in the 0.23-mm-gap rod. For the 0.23-mm-gap rod at
fill gas pressures above 1.0 MPa and a Xe concentration of 10%, there is a
significant difference between the code calculated and measured fuel
centerline temperature. The measured temperatures indicate the gap
conductance in the 0.23-mm-gap rod at 20 kW/m increased by 20% as the pressure
increased from 1.0 to 5.0 MPa.

I. INTRODUCTION

The thermal performance of light water reactor (LWR) fuel rods is
controlled, in part, by the composition of the fuel rod fill gas and the fill
gas pressure. Due to the release of fission gases as the fuel increases in
burnup, the internal pressure of the fuel rods increases and the internal gas
composition changes. The addition of Xe fission gases to the He fill gas can
significantly reduce the fuel-cladding gap conductance resulting in higher
fuel temperatures and stored energy, which can adversely affect the behavior
of the fuel. Current computer codes used to calculate the behavior of LWR
fuel under normal and postulated accident conditions include models for
internal rod pressure and Xe fill gas contamination effects.

a. Work sponsored by the U.S. Nuclear Regulatory Commissiori, Office of
Nuclear Regulatory Research under DOE Contract No. DE-AC07-76IDO1570.

b. On assignment from KfK, Germany.
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As part of the Nuclear Regulatory Commission's Reactor Safety Research
Program, EG&G Idaho, Inc., is managing fuel behavior experiments in the Halden
Heavy Boiling Water Reactor (HBWR), at Halden, Norway. One of these
experiments, termed the Instrumented Fuel Assembly 430 (IFA-430), is designed
to obtain data on the axial gas flow characteristics and thermal response of
LWR fuel rods subjected to various internal pressures and fill gas
compositions, and on the release of fission gases.

This paper presents the results of experiments performed to measure the
effects of fill gas pressure and the concentration of Xe in the fill gas on
fuel temperature during nuclear operation. The experiments are unique in that
the fuel rods are typical of current design LWR commercial rods and the gas
pressure and fill gas composition can be changed while the rods are
operating. Previous in-pile experiments reported to date have utilized either
several fuel rods of varied gas pressure and gas composition^'^ o r smaii
fuel capsules with atypical fuel design. The IFA-430 experiments were
performed at internal pressures ranging from 0.1 to 5.0 MPa, which spans
pressures used in LWR fuel rods, with fill gases composed of 100% He, 95%
He/5% Xe, and 90% He/10% Xe.

II. EXPERIMENT DESIGN AND CONDUCT

IFA-430 contains four fuel rods (1.28 m long) with 10% enriched UO2
fuel pellets of 95% theoretical density. Two rods, termed gas flow rods, each
have a centerline thermocouple and three axially distributed pressure
transducers mounted directly to the cladding to measure internal gas
pressure. These two fuel rods are connected, top and bottom, to a gas flow
system as shown in Figure 1, which is used to change the gas pressure in the
fuel rods and to introduce fill gases of varied He/Xe concentrations to the
rods. The other two rods are equipped with two centerline thermocouples,
three off-center thermocouples, and are pressurized with helium to 0.48 MPa.

The IFA-430 began irradiation in the HBWR in November 1978. The first
tests to determine Xe/He fill gas and gas pressure effects on fuel
temperatures were conducted at an average burnup of 2400 MWd/tUO2. The gas
flow system was used to introduce the various fill gas compositions into the
two gas flow fuel rods. With each gas composition the fuel rod power was
varied over four levels (5, 10, 15, and 20 kW/m) and at each power level the
pressure was stepped from 0.1 to 5.1 HPa (̂ 10 steps).

After each change of power, gas composition, or pressure, fuel
temperatures were allowed to stabilize for several minutes, the pressure
recorded, and a statistical set of 10 or more fuel centerline temperatures and
power readings was taken at time intervals of 40 to 60 s for each of the two
gas flow fuel rods.

Upon introduction of a new gas mixture, the rods were first flushed with
pure He and then flushed with>v20 liters of the new gas mixture; the rods were
then pressurized to 5.0 MPa with the new gas mixture to force the mixture into
the deep cracks in the fuel. Accessible gas pockets that were not flushed
thoroughly should in this way be mixed on a 50 to 1 basis with the new gas
mixture, resulting in a concentration within a few percent of the newly
introduced Xe/He concentration.



-381-

I I I . FRAP-T5 GAP CONDUCTANCE MODEL

The f i l l gas pressure and composition e f f ec t s the fuel temperature by
altering the fuel-cladding gap conductance. The model for gap conductance
currently used in the FRAP-T5* code includes the e f f ec t s of f i l l gas
pressure and f i l l gas composition. A brief description of the model shows the
expected affect of f i l l gas composition and pressure on gap conductance, and
thus fuel temperature. The ERAP-T5 gap conductance model, for open
fuel-cladding gaps, i s , neglecting radiation

(1)

K • gas conductivity
G = temperature jump distance

(2)

h = gap conductance
t = gap thickness

and

where

y. = gas viscosity (g/cm-s)

P = gas pressure (psi)

M = gas molecular weight

T = gas temperature (K).

As the pressure is increased, G decreases leading to a higher gap
conductance. This effect is moderated by the size of the gap, t; for large
gaps the pressure effect should be small. The conductivity of the fill gas
directly effects the gap conductance and, as the thermal conductivity of a
pure He fill gas is degraded by the addition of Xe, the fuel temperature is
expected to increase. The IFA-430 data generally confirm these expectations
but also show that significant deviations occur which the model does not
predict.

IV. EFFECTS OF FILL GAS PRESSURE

The effect of increasing the fill gap pressure up to 1.0 HPa is to
increase the gap conductance, thus lowering the fuel temperature. Based on
the FRAP-T5 gap conductance model the effect is expected to saturate at
M..0 MPa, above which the jump distance (pressure dependent) contribution to
the gap conductance [Equation (2)] is less than 27. To highlight the measured
effect of pressure on the fuel temperature the change in fuel centerline
temperature from that measured at 0.1 HPa fill gas pressure is plotted as a
function of fill gas pressure at a constant rod power of 20 ktf/m in Figure 2.
The solid symbols are the data for the 0.1-mm-gap rod and the hollow symbols
are the 0.23-mn-gap rod data. Several trends appear in the data: (1) in the
range 0.1 to 1.0 HPa the data show that as the pressure is increased the fuel
centerline temperature decreases (gap conductance increases), the relative
effect being independent of gap size and Xe concentration; (2) in the
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range 1.0 to 5.0 MPa the 0.1-urn-gap rod data indicate that no significant fuel
temperature change occurs (the gap conductance is approximately independent of
the pressure) as the pressure is increased; and (3) in the range 1.0 to
5.0 MPa, the 0.23-mm-gap rod data show that the coabiued effects of pressure
and Xe concentration result in a continued enhancement of the gap conductance
(lower center line temperature) as the pressure goes from 1.0 to 5.0 MPa and as
the Xe concentration goes from 0 to 10%. This effect was not expected.

The first two trends confirm the FRAP-T5 gap conductance model,
qualitatively; an example of the measured data and FRAP-T5 calculated behavior
is presented in Figure 3. Shown in Figure 4, is a quantitative comparison of
the measured and FRAP-T5 calculated fuel centerline temperature response of
the 0.1-mm-gap rod as a function of rod power for 0.1 and 5.0 MPa fill gas
pressure. In general, FRAP-T5 calculated temperatures for the range 0.1 to
5.0 MPa for the 0.1-mm-gap rod and 0.1 to 1.0 MPa for the 0.23-mm-gap rod are
O/4 to 52 higher than measured.

The third trend noted in the data, the apparent coupling of gap size,
pressure, and Xe concentration resulting in enhanced gap conductance at high
pressures and 5 to 10% Xe concentration is significant since the pressures and
Xe concentrations are typical of operating fuel rods, particularly those near
end of life. Figure 5 shows that the drop in fuel centerline temperature
(enhanced gap conductance), as the pressure in the 0.23-mm-gap rod with 10% Xe
in the fill gas increases from 1.0 to 5.0 MPa, occurs at all three power
levels tested and that the FRAP-T5 model does not predict the behavior. The
drop in centerline temperature (as the pressure increases from 1.0 to 5.0 MPa)
corresponds to an increase in gap conductance of 20%. This behavior is
discussed further in Section VI of this paper.

In summary, the effects of increased fill gas pressure are: (1) to
decrease fuel temperatures (enhance gap conductance) in the range 0.1 to
1.0 MPa for 0.1 and 0.23-mm-gap rods; (2) insignificant in the range 1.0 to
5.0 MPa for the 0.1-mm-gap rod and the 0.23-mm-gap rod with pure He fill gas;
and (3) to decrease fuel temperatures in the range 1.0 to 5.0 MPa in the
0.23-mm-gap rod when coupled with Xe concentrations of 5 and 10%.

V. EFFECTS OF Xe CONCENTRATION

The expected effect of introducing Xe to the He fill gas is for the gap
conductance to be degraded due to the lower thermal conductivity of Xe
resulting in higher fuel temperatures. Figure 6 presents an example of the
measured and FRAP-T5 calculated fuel centerline temperatures as a function of
Xe composition for four power levels. The FRAP-T5 calculated temperatures are
^'5% higher than the measured data; well within the expected uncertainty of the
measurements and calculations. However, there is some divergence between the
measured and calculated temperatures with increasing Xe concentration. To
highlight this behavior, the temperature change (from 100% He fill gas) due to
increasing Xe concentration at a fill gas pressure of 1.0 MPa is plotted in
Figure 7. This figure shows that as the Xe concentration increases, FRAP-T5
calculations diverge somewhat from the measurements, indicating the model
should be used with caution at high Xe concentrations.
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As Mentioned earlier, at fill gas pressures above 1.0 MPa in the
0.23-mm-gap rod, the Xe concentration appears to affect the fuel temperature
in an unexpected Banner. As shown in Figure 2, the effect of fill gas
pressure on fuel centerline temperature at pressures above 1.0 MPa in the
0.23-mm-gap rod is dependent upon the Xe concentration. The data at 3.0 and
4.0 MPa for the 51 Xe (Figure 2) hint that the gap conductance is improving as
the feature increases; and the 10Z Xe data show an obvious trend to better
gap conductance. This behavior is discussed further in Section VI.

In summary, with the exception of the Q.23-mm~gap rod at pressures
greater than 1.0 MPa, the effect of Xe on fuel teaperature is as expected, and
the FRAP-T5 model calculates fuel centerline temperatures ̂ 5Z higher than
measured for Xe concentrations <10Z. Extension of the FRAP-T5 model to Xe
concentrations above 10Z may lead to unacceptably high centerline temperature
predictions, based on the apparent divergence of the FRAP-T5 calculated and
measured data.

VI. DISCUSSION AMD CONCLUSIONS

As mentioned earlier, it appears the Xe concentration couples with the
pressure in the 0.23-mm-gap rod to produce a significant improvement in the
gap conductance as the pressure is increased from 1.0 to 5.0 MPa. This
behavior was not evident in the 0.1-mm-gap rod. The change in temperature
from 1.0 to 5.0 MPa implies the gap conductance for the 0.23-mm-gap rod with
10% Xe fill gas increased by %20Z as the pressure was increased, an effect
that is not expected and which the FRAP-T5 model for gap conductance does not
predict. A hypothesized cause for this increase, which was explored and
rejected, was the possible contribution of the Xe temperature jump distance.
The contribution of Xe to the net gap conductance was-v 1 to 2Z when the Xe
concentration was 102. Thus, it appears that the gap, t would have to be a
factor of 10 smaller than is expected for the IFA-430 fuel rods for the Xe
jump distance to significantly effect the gap conductance.

Expansion of the fuel cladding as the pressure is increased can also be
ruled out as a cause for increased gap conductance since this would result in
an increased gap size, thus reducing the gap conductance and increasing, not
decreasing, fuel temperatures.

One possibility being investigated is that of degradation of the fuel
conductivity due to small cracks in the outer edges of the pellets. If such
cracks existed the Xe*jump distance could be a significant factor in the heat
transfer across these cracks. As the pressure was increased, the Xe jump
distance contribution to the gap conductance in these small cracks would
decrease, resulting in an enhanced crack gap conductance and, thus, an
enhanced effective fuel conductivity leading to lower fuel centerline
temperatures.

The data from the IFA-430 experiments generally confirm the effects of
fill gas pressure and composition on gap conductance (fuel temperature) as
currently modeled in the FRAP-T5 computer code with the exception of the
unexpected enhancement of the gap conductance in the 0.23-mm-gap rod at
pressures greater than 1.0 MPa. Comparison of the data with the FRAP-T5
calculations show that in the pressure range 0.1 to 1.0 MPa, where helium
jump distance effects are significant, the code shows good functional
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agreeaent with the data for both 0.1 and 0.23 — gap rods. In the region 1.0
to 5.0 MPa fill gas pressure the FRAP-T5 code calculated temperatures compare
favorably with the data for the 0.1 — gap rod, being generally slightly
higher (4-52); however, in the 0.23-mm-gap rod the pressure and Xe
concentration, produce a currently unexplained enhancement of the gap
cocduc tance.

The independent effect of Xe concentration in the fill gas is handled
relatively well by the code in the range 0.1 to 1.0 MPa, the code generally
calculating fuel centerline temperatures 4 to 5X higher than measured.
However, the apparent divergence of the measured and FRAP-T5 calculated
temperatures indicates that the code may significantly overpredict fuel
temperatures as the Xe concentration increases above 10%.
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third party would not infringe privately owned rights. The views expressed
in this paper are not necessarily those of the U.S. Nuclear Regulatory
Commission.
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AN EVALUATION OF THE THERMAL-HYDRAULIC RESPONSE AND FUEL ROD THERMAL AND
MECHANICAL DEFORMATION BEHAVIOR DURING THE POWER BURST FACILITY TEST LOC-3*

T. R. Yackle, P. E. MacDonald, and J . M. Broughton

EG&G Idaho, Inc . , Idaho Engineering Laboratory
Idaho Fa l ls , Idaho 83415

ABSTRACT

An evaluation of the results from the LOC-3 nuclear blowdown test conducted in
the Power Burst Fac i l i t y is presented. The test objective was to examine fuel and
cladding behavior during a postulated cold leg break accident in a pressurized
water reactor (PWR). Separate effects of rod internal pressure and the degree of
i r rad ia t ion were investigated in the four-rod tes t . Extensive cladding deformation
(ballooning) and f a i l u re occurred during blowdown. The deformation of the low and
hiqh pressure rods was s imi lar ; however, the previously i r radiated tes t rod
deformed to a greater extent than a similar fresh rod exposed to ident ical system
conditions.

INTRODUCTION

A loss-of-coolant accident (LOCA) Test Series is being conducted in the Power
Burst Fac i l i t y (PBF) at the Idaho National Engineering Laboratory by EG&G Idaho,
Inc . , fo r the U. S. Nuclear Regulatory Commission. The PBF-LOCA Test Series is one
of several PBF test programs that are providing experimental information on the
behavior of nuclear fuel rods subjected to normal, off-normal, and accident
condit ions.* In the LOCA tests the rod internal pressure, cladding state
(previously i r radiated or f resh) , and rod power are varied while a system
deoressurization typical of that expected during a double-ended break in a PWR is
maintained. Peak cladding temperatures of approximately 1070, 1190, 1350 and much
greater than 1350 K w i l l be achieved during these tes ts . These temperatures are
the points of (a) maximum d u c t i l i t y of alpha-phase zircaloy cladding, (b) minimum
d u c t i l i t y in the alpha plu? beta phase t rans i t i on , (c) maximum d u c t i l i t y of
beta-phase zircaloy cladding, and (d) rapidly decreasing d u c t i l i t y in the
beta-phase because of increased oxidation and oxygen absorption.

A preliminary evaluation of the results of the recently conducted Test LOC-3
is presented in th is paper. A b r ie f description of the experiment design and
conduct is provided f i r s t . The PBF system thermal hydraulic and test fuel rod
response is then sunmarized. The primary emphasis of the paper is on the influence
of rod internal pressure and pr ior i r rad ia t ion on cladding deformation during a
LOCA.

EXPERIMENT DESIGN AND CONDUCT

Test LOC-3 was conducted with four PWR-type fuel rods. The rods were typ ica l
PWR 15 x 15 design, except for fuel length (0.91 m) and enrichment. The rod plenum
volume was scaled in proportion to the active length. Two rods were in te rna l l y
pressurized to values representative of newly fabricated PWR fuel rods, and two
rods were pressurized to values representative of high burnup fuel rods. One of

* Work supported by the U. S. Nuclear Regulatory Commission, Off ice of Nuclear
Regulatory Research under DOE Contract No. DE-AC07-76ID01570.
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each type of pressurized rod was previously irradiated in the Saxtona reactor to
about 16,000 MWd/t. Each rod was surrounded by an individual flow shroud and
symmetrically placed within a test train in the PBF in an environment with typical
PWR coolant pressures, temperatures, and flow. With this test design, the separate
effects of rod internal pressure and prior irradiation during the test transient
were investigated.

The test consisted of a preblowdown power calibration and decay heat buildup,
blowdown (coolant depressurization), and test termination with a rapid quench.
The system conditions at the initiation of blowdown were: inlet temperature of
590 K, system pressure of 15.5 MPa, and a peak rod power of 53 kW/m. The PBF loop
and blowdown system is illustrated in Figure 1; the insert in Figure 1 is a cross
section of a test fuel rod within the flow shroud. Test conduct began with the
isolation of the in-pile tube from the PBF loop, and then opening of quick
actuating, cold leg blowdown valves to initiate a blowdown similar to a
hypothetical PWR double-ended cold leg break. The break planes were formed by
converging-diverging nozzles with throats sized to control the blowdown flow and
depressurization rates. The ejected coolant and fission products carried from the
fuel were collected in a blowdown tank. The axial power profile along the fuel
rods was shaped to flatten the power in the center third of the active fuel
length. The power was uniform in this region to provide conditions that are
typical of a PWR in the central region of the core. The reactor power was
controlled during blowdown by the PBF transient rods and programmed to follow a
power function determined in pretest calculations. This power function was
required for additional heating of the test rods to reach and maintain goal
temperatures. A quench system for rapidly cooling the cladding was used to
terminate the test.

PBF SYSTEM THERMAL HYDRAULIC RESPONSE

The cold leg coolant pressure and the inlet volumetric flow of one flow shroud
before and during the transient is presented in Figure 2. Prior to blowdown, the
system coolant was subcooled at conditions of 590 K and 15.5 MPa. The opening of
both cold leg blowdown valves resulted in a subcooled decompression for about 0.1 s
as coolant was rapidly expelled through the converging-diverging nozzles and the
coolant Dressure rapidly decreased from 15.5 to about 9 MPa. Coolant flashing and
choked two-phase flow in the converging-diverging nozzle then resulted in saturated
depressurization for the remainder of the 30 s blowdown.

The hydraulic conditions within the flow shroud of each test rod are best
characterized by the measured (lower turbine inlet) volumetric flow also presented
in Figure 2. Prior to blowdown, the coolant within the flow shrouds entered the
shroud inlet from the lower plenum and exited into the test train upper plenum.
This flow immediately reversed when blowdown was initiated, and check valves
located at the outlet of each shroud closed, preventing the coolant in the test
train upper plenum from entering the shroud. The coolant within the shrouds was
rapidly expelled into the lower plenum and the volumetric flow at the shroud inlet
approached zero at 20 s, indicating that the fuel rods were exposed to a steam
environment.

To better understand the system thermal-hydraulic response, the RELAP4/M0D6
computer code" was used to calculate the system behavior and to generate fuel

a. The Saxton reactor is a small prototype pressurized water reactor built by the
Westinghouse Electric Co. and located in Saxton, Pa.
b. RELAP4/M006/UPDATE 4, Idaho National Engineering Laboratory, Configuration
Control Number H005981B.
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rod-to-coolant heat transfer coefficients. These calculations, which well
approximated the system depressurization and shroud flows, indicated that the fuel
rods experienced boiling transition within one second after initiation of blowdown
and the fuel rod-to-cool ant heat transfer conditions degraded from nucleate boiling
to a brief period of transition and film boiling, then to forced and natural
convection to steam, and radiation to the flow shroud and steam as the quality
approached unity.

INDIVIDUAL ROD RESPONSE

Cladding surface temperatures at 62.5 cm above the bottom of the fuel stack,
cladding elongation, and rod internal pressure measured on Rod 01 are presented in
Figure 3. These values are typical of the temperatures, rod internal
pressures, and elongations of the other three test rods. The cladding temperature
at the thermocouple location rapidly increased following critical heat flux (CHF)
at 2.8 s, and stabilized at about 950 K within about 13 s. The cladding surface
temperature then gradually increased to about 1080 K between 13 and 50 s. The
transient was terminated after 50 s with quench. The reactor power was
intentionally increased after 20 s so that the cladding temperatures would
gradually increase after blowdown. The length of Rod 01, measured by a linear
variable differential transducer (LVDT), began increasing at 0.3 s and continued to
increase during most of the blowdown. Since the cladding elongation is a direct
function of cladding temperature, CHF apparently occurred first on the lower
portion of the rod early in blowdown. Peak cladding temperatures are therefore
expected in the lower region of the rod.

The rod deformation during blowdown is characterized from the measured axial
elongation and rod internal pressure. The rod internal pressure gradually
decreased from the preblowdown value of about 7 MPa until 15 s, when a sharp drop
in pressure occurred. The measured axial extension showed a coincidental
discontinuity in overall rod length at 15 s. These measurements indicate that the
cladding probably ballooned rapidly and then ruptured at 15 s.

Results from the posttest examination of the four test rods are summarized in
Table 1. Deformation was extensive, with ballooning over a majority of the high
power region of three of the four rods (Rods 01, 03, and 04). The extent of the
ballooned region for each of these rods was between about 0.1 and 0.65 m from the
bottom of the fuel stack. This ballooned region included most of the high power
flux shaped region of the fuel rods and a small portion of the rods below the flux
shaper. The cladding of Rods 01 and 03, the low and high pressure unirradiated
fuel rods, ballooned to a failure strain of 34.7 and 29%, respectively. The
cladding of Rod 04, the high pressure irradiated fuel rod, ballooned to a
significantly larger failure strain of 52%.

The cladding of the other rod, the low pressure irradiated Rod 02, ballooned
at a single location near the top of the high power region. Since it was
anticipated that the peak cladding temperatures would be located in the lower third
of the rod, the unexpected deformation toward the top of the high power region was
closely examined. Pretest neutron radiographs of Rod 02 indicated that the fuel
pellet fragments were relocated and the fuel stack contained large gaps in the
ballooned region. The fuel relocation occurred during the handling and storage of
the rod; after irradiation in the Saxton reactor and prior to the test.
Apparently, the pellet cracking and fragment relocation increased the local fuel
temperatures and resulted in slightly higher cladding temperatures and local
ballooning. The ballooned region of Rod 02 was the only region on any of the four
rods where significant pellet fragment relocation occurred before the LOC-3
experiment.
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INFLUENCE OF ROD INTERNAL PRESSURE ON CLADDING DEFORMATION

A comparison of cladding diametral strain along the active fuel length fo r the
low and high pressure Rods 01 and 03 is provided in Figure 4. The power p r o f i l e ,
also shown in Figure 4, was a maximum and re la t i ve l y constant along the center one
t h i r d of the active fuel length. Both Rods 01 and 03 ballooned toward the bottom
of the peak power region. The diametral s t ra in for both rods was very simi lar and
f a i l u r e strains were not s ign i f i cant ly d i f ferent (34.7 and 29* for Rods 01 and 03,
respect ively).

The rod internal pressure was expected to s ign i f i can t l y influence the cladding
deformation. The pressure inside the low pressure Rod 01 jus t pr ior to blowdown
was about 7 MPa. The system pressure exceeded the rod internal pressure during the
f i r s t 7 s of blowdown. During th is t ime, the cladding was rapid ly heating and
cladding temperatures should have stabi l ized wi th in the alpha plus beta t rans i t ion
region (1105 to 1245 K) before the internal pressure could exceed the system
pressure and ballooning could occur. The degree of cladding ballooning was
therefore expected to be re la t i ve ly small, since the stra in to f a i l u r e of alpha
plus beta zircaloy is generally about 10 to 3CX, s ign i f i can t l y less than that of
alpha phase zircaloy.2

The pressure wi th in the high pressure Rod 03 jus t prior to blowdown was about
14 MPa. The internal pressure of th is rod exceeded the system pressure during the
i n i t i a l subcooled depressurization (0.1 s ) . Therefore, the cladding was subjected
to a tensi le stress almost immediately and ballooning was anticipated as cladding
temperatures reached 1050 to 1090 K within the high alpha phase. Zircaloy
d u c t i l i t y has a maxima at about 1100 K in the alpha phase and the f a i l u r e s t ra in
has been shown in ou t -o f -p i le experiments to range from about 20 to 80%. The
cladding stra in of the high pressure Rod 03 was expected to be greater than the low
pressure Rod 01 because the deformation was expected to occur in the alpha phase.

Cladding pressure d i f fe ren t ia l at burst and burst temperature of the LOC-3 and
selected out -o f -p i le data^ are plotted in Figure 5. An explanation for the
descrepancy between the expected and actual behavior of the LOC-3 low and high
pressure rods can be determined from the comparisons shown in Figure 5. The
out -o f -p i le data indicate a strong dependence of the cladding burst temperature on
both pressure d i f fe ren t ia l and heating rate at high burst pressures. The1, cladding
burst temperature decreases with increasing pressure d i f fe ren t ia l and also
decreases with slower heating rates. Because of the re la t i ve ly low cladding burst
pressure d i f fe ren t ia l of Test LOC-3 Rods 01 and 02, a re la t i ve ly high cladding
temperature was required for ballooning and rupture. Therefore, the influence of
heating rate on cladding burst was less s igni f icant at the temperatures and
pressures of these low pressure rods. The estimated temperature and pressure
conditions for the high pressure Rod 03, in Figure 5, converge on the out -o f -p i le
rupture c r i te r ion at a higher pressure d i f fe rent ia l than the low pressure rods
where the effect of heating rate is more s ign i f icant . Therefore, cladding rupture
did not occur as temperatures passed through the alpha phase because the heating
rate was rapid and the temperature and pressure burst c r i te r ion was not sa t i s f i ed .
Apparently, cladding rupture for the high pressure rod did not occur un t i l the
temperatures were stabi l ized within the alpha plus beta phase t rans i t ion and the
heating rate decreased to about 5 K/s. Since most of the cladding s t ra in occurred
with in the f i na l two or three seconds before rupture, the ballooning of the high
pressure rods was similar to the low pressure rod.

INFLUENCE OF PRIOR IRRADIATION ON CLADDING DEFORMATION

The diametral strain of the unirradiated Rod 03 is compared with the strain of
the irradiated Rod 04 in Figure 6. The axial power profi le is also shown in the
figure. The irradiated test rod ballooned to a significantly greater extent than
did the unirradiated test rod. The Rod 03 cladding strained approximately 10X
between 0.25 and 0.55 m, and ballooned to a failure strain of 29% at about 0.28 m.
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In comparison, the cladding strain of the irradiated Rod 04 was significantly
greater than 10% between 0.2 and 0.55 m, and the failure strain was 52% at about
0.33 m.

Cladding deformation is primarily dependent on (a) local cladding axial and
circumferential temperature gradients in the region of ballooning, (b) temperature
history or heating rate, (c) absolute temperature, and (d) the differential
pressure across the cladding. During the time of significant cladding ballooning
(about 10 to 15 s) of both high pressure Rods 03 and 04, the pressure differential
and heating rate of the cladding for both rods was similar. Therefore, variations
in these parameters will not explain the difference in cladding deformation between
both rods. The absolute cladding temperature measured at the 0.63 m elevation was
70 K higher for the irradiated Rod 04 compared with Rod 03, which suggests that
there may have been a significant difference in cladding temperatures between these
rods in the ballooned region. Since cladding strain is dependent on absolute
temperatures the temperature difference between Rods 03 and 04 could account for
the different observed deformations. However, preliminary postirradiation
examination of Rods 03 and 04 showed the cladding temperature in the ballooned
regions to be in the low alpha plus beta phase transition with little difference in
the peak temperatures, and the small differences in the absolute cladding
temperature would not account for the observed difference in cladding strains.
Therefore, differences between Rods 03 and 04 in local cladding axial and
circumferential temperature gradients in the region of ballooning probably
accounted for the observed difference in cladding strains. The influence of
cladding circumferential temperature gradients on cladding strain is shown in
Figure 7. These data* indicate that the circumferential strain can vary between
20 and 90% for temperature differences ranging from 0 to 150 K. Cladding
deformation is extremely sensitive to local cladding temperature variations in the
region of ballooning. The local cladding temperature variations of previously
irradiated Rod 04 during the LOC-3 transient were apparently reduced by prior
irradiation resulting in additional cladding deformation.

The irradiation of Rod 04 in the Saxton reactor induced some fuel
densification and swelling, and pellet cracking and relocation.* These
irradition effects resulted in relatively small fuel dimensional changes and slight
changes in the fuel stored energy. The cladding ductility was also reduced due to
irradiation; however, this should have been annealed at temperatures above 750 K
prior to cladding deformation. The cladding diameter was also reduced due to creep
collapse. Cladding creep combined with fuel pellet cracking and relocation during
irradiation in the Saxton reactor improved the gap heat transfer and probably
reduced the potential for circumferential temperature gradients resulting in
extended deformation and a larger failure strain of the irradiated Rod 04 compared
with Rod 03.

The behavior of the low pressure, irradiated Rod 02 during Test LOC-3 also
demonstrates the importance of the influence of local temperature profile on
cladding deformation. The fuel pellets of Rod 02 were significantly cracked in the
ballooned region and contained large gaps prior to the test. Posttest examination
of this region has shown that the fuel was at significantly higher temperatures in
this region prior to the LOC-3 test. Apparently, the pellet cracking and fragment
movement increased the initial temperatures and subsequently resulted in beta phase
cladding temperatures during the test. The deformation of the cladding of Rod 02
was a result of a local temperature history that was significantly influenced by
the fuel pellet cracking and relocation in the ballooned region.

CONCLUSIONS

The Test LOC-3 results provide the first in-pile data appropriate for
evaluating the combined influence of prior irradiation and rod internal pressure on
zircaloy cladding deformation during a LOCA blowdown. The rods with a prior
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i rradiation of approximately 16,000 MWd/t ballooned to a greater extent and fa i led
at larger strains than the unirradiated rods. Calculations show th?.t fuel
densification, f ission induced swelling, and fuel pellet cracking and relocation
result in fuel dimensional changes and slight changes in stored energy. The
cladding duct i l i t y is reduced by irradiation and the cladding diameter may be
reduced by creepdown. Apparently, some of these changes in fuel rod properties
during extended irradiation induce more uniform circumferential and axial
temperature gradients in the cladding during a severe LOCA and influence the fuel
rod mechanical response.

The pressure inside the low pressure rods did not exceed the system pressure
during blowdown unti l the cladding temperatures were within the alpha plus beta
phase transition regime. The degree of cladding ballooning was expected to be
relat ively small, since deformation was expected in the temperature range of
minimum duct i l i ty . The pressure within the high pressure rods exceeded the system
pressure and loaded the cladding early in the transient and the high pressure rods
began to balloon as the cladding temperatures increased through the high alpha
phase, at which point the cladding duct i l i t y approached a maximum. Therefore, the
rods with high internal pressure were expected to balloon to a greater extent than
the rods with low internal pressure. However, the measured strain of the LOC-3 low
and high pressure Rods 01 and 03 was similar. Cladding ballooning of the high
pressure rod apparently did not occur as temperatures passed through the alpha
phase due to the rapid heating rates, and therefore, the cladding of both rods
ballooned similarly with temperatures in the alpha plus beta phase transi t ion.

NOTICE

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, or any of their employees, makes any warranty, expressed or implied, or
assumes any legal l i a b i l i t y or responsibil ity for any th i rd party's use, or the
results of such use, of any information, apparatus, product or process disclosed in
this report, or represents that i t s use by such thi rd party would not infringe
privately owned rights. The views expressed in this paper are not necessarily
those of the U. S. Nuclear Regulatory Commission.
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TABLE 1 . SUWMtV j / LOC-3 CLAMING DEFORMATION

Rod 01
(lew pressure, unirradiated)

Rod 02
(low pressure, irradiated)

Rod 03
(high pressure, untrradiattd)

Rod 04
(high pressure, irradiated)

a. Measurements Mere made from

Axial Extent
of Balloon3

U.ZU to U.6U

0.50 to 0.60

0.15 to 0.60

0.10 to 0.65

the bottom of the

Maximum Oiametral
Strain

• '

44.5

29

52

fuel rod.

Location of
Cladding Failure

0.28

0.55

0.28

0.33

Estimated PIE
Temperature at

Failure Location
» • ) phase

• phase

« • • phase

« • l phase

Failure
Time

8

10

13

Estimated
Differentfjl
Pressure at

Failure (MPa)
l.i

0.4

4.1

4.1
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ABSTRACT

Categories of light water reactor transients and the departure from
nucleate boiling (DNB) and boiling transition (BT) fuel design limits in light
water reactors are reviewed. These fuel design limits for reactor licensing
may be overly conservative because experiments have shown that fuel rods do
not fail and may not experience damage as a result of momentary operation in
film boiling or dryout conditions. Damage to the fuel rod is strongly
dependent on the peak cladding temperature and the length of time at that
temperature during the transient. Testing of two potential licensing fuel
design limits is suggested: (a) fuel rod functional capabilities are retained
and fuel system dimensions remain witSiin operational tolerances; and (b)
cladding deformation is permitted, but no significant oxidation is allowed.
Damage mechanisms which may affect post-DNB or post-BT operation of fuel rods
are permanent rod bowing and pellet-cladding interaction. The data necessary
to support a fuel design limit and a means of obtaining these data are
outlined.

INTRODUCTION

Light water reactors (LWRs) are designed and operated such that the fuel
rods do not depart from nucleate boiling (DNB) or experience boiling
transition (BT) during normal operation or anticipated operational
occurrences. This fuel design limit is conservative because experiments,
reviewed in References 1 and 2, have shown that fuel rods do not necessarily
fail as a result of operation in film boiling or dryout conditions. This
criterion protects the fuel rods from damage due to overheating during
anticipated operational occurrences, but it is not a mechanistic limit in
terms of fuel rod damage or failure. This is recognized in the Standard
Review Plan3 which states that other mechanistic methods may be acceptable.
By replacing the current DNB and BT limit with mechanistic fuel design limits,
the true thermal margin could be more precisely defined and the limit placed
on a more realistic, "best estimate" basis. Further, it is expected that
benefits could be obtained by increasing reactor power, thermal efficiency, or
operating flexibility. The purpose of this paper is to review those
anticipated transients which limit plant operation, briefly examine fuel rod
damage mechanisms, and suggest potential post-DNB and post-BT fuel design
limits and how they may be determined.

*Work supported by the U. S. Department of Energy Assistant Secretary for
Nuclear Energy, under DOE Contract No. DE-AC07-76ID0157O.
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NUCLEAR POWER PLANT TRANSIENTS

Nuclear power plant conditions are divided into four categories by the
American National Standards Institute* in accordance with anticipated
frequency of occurrence and potential radiological consequences to the
public. The four categories are as follows: (a) Condition I - Normal
Operation; (b) Condition II - Incidents of Moderate Frequency; (c) Condition
III - Infrequent Incidents; and (d) Condition IV - Limiting Faults.
Condition I occurrences are those which are expected frequently or regularly
in the course of power operation, refueling, maintenance, and maneuvering of
the plant. As such, Condition I occurrences are accommodated with margin
between any plant parameter and the value of that parameter which would
require either automatic or manual protective action. Condition II
occurrences include "incidents, any one of which may occur during a calendar
year for a particular plant"4 and are classified as "anticipated"
transients. By definition, these events do not result in fuel rod damage or
failures or reactor coolant system overpressurization. "Not damaged" meens
that the rods do not fail, that functional capabilities are retained, and that
the fuel system dimensions remain within operational tolerances.
Condition III occurrences include "incidents, any one of which may occur
during the lifetime of a particular plant."4 Only a small fraction of the
fuel rods may fail although sufficient fuel damage might occur to preclude
resumption of power operation for a considerable period. "Failure" means that
the fuel rod hermeticity is lost and that the first fission product barrier
(the cladding) has been breached. Condition IV fauUs are not expected to
occur, "but are postulated because their consequences would include the
potential for the release of significant amounts of radioactive material."4
The present DNB and BT fuel design limit serves as a damage threshold for
Condition II events, and a failure threshold during Condition III and IV
events.

Condition II events can be summarized into two types: (a) power ramps;
and (b) coastdowns in primary coolant flow. Of the overpower transients in
pressurized water reactors (PWRs), the DNB limit is most closely approached
during an uncontrolled rod withdrawal at power and an increase in feedwater
flow. Depending on plant design, peak cladding surface heat fluxes reach
109%5 of the nominal operating heat flux over a period of about 30 t. The
BT limit on boiling water reactors (BWRs) is most closely approached during
the overpower transients resulting from an electric load rejection or a
turbine trip. Peak surface heat fluxes of up to 112% are achieved over a
period of 2 s.6 One-pump and total coastdowns of primary coolant flow are
also among the limiting transients for both PWRs and BWRs. If a post-DNB or
post-BT fuel design limit were implemented, the most severe events may cause
the cladding to experience momentary (5-20 s) excursions to temperatures,
based on measurements^ during dryout on BWR rods and on PWR licensing
calculations5 for Condition III events, that range from approximately 800 to
1300 K.

FUEL ROD DAMAGE MECHANISMS

During Condition II transients, fuel rod behavior can be characterized in
terms of cladding temperature, the parameter which most strongly affects fuel
rod integrity. For those transients in which fuel rod damage is significant,
the damage mechanisms may include permanent rod bowing, pellet-cladding
interaction, cladding annealing, cladding deformation, and cladding
embrittlement. The question with each of these mechanisms is, "Given that DNB
or BT occurs, what effect will the peak cladding temperature have on rod
performance during the transient and on its subsequent operation?"
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Fuel Rod Bowing

Due to the potential for circumferential temperature gradients in the
cladding, rod bowing can be assumed to occur during film boiling or dryout at
any cladding temperature. Rod bowing is expected to be transitory when
cladding temperatures are below 920 K; some permanent rod bowing is expected
when cladding temperatures exceed 920 K.

Bowing during the transient would affect the post-DNB or post-BT cladding
surface heat transfer coefficient. Groenveld? has determined that
reductions in the pitch-to-diameter ratio decrease the surface heat transfer
coefficient and, consequently, increase the cladding temperature it the
rod-to-rod gap in dryout conditions. The effect of rod bowing on post-DNB
heat transfer at the lower qualities typical of PWR conditions is also
expected, but little or no data exist.

If permanent rod bowing occurs as a result of film boiling or dryout, the
critical heat flux (CHF) may be reduced for subsequent operation. Out-of-pile
bundle tests at PWR conditions indicate that CHF is unaffected by rod bowing
unless the clearance between adjacent heated rods is reduced by more than
50%.8 A heated rod bowed to simultaneously contact two adjacent heated rods
reduces CHF by an amount dependent on pressure and heat flux.8.9 in the
bubbly flow regime (low quality), the penalty is more severe than in the
annular flow regime.8»9,TO Correlations for CHF penalty due to rod bowing
are available in terms of pressure and rod average heat flux.8»9 When an
unheated rod is bowed to contact two adjacent heated rods, no reduction in CHF
is indicated.8 A heated rod bowed to contact a guide tube is also not
expected to reduce CHF.

Pellet-Cladding Interaction

A very small percentage of commercial reactor fuel rods have failed
during Condition I operation due to brittle fracture of the cladding. These
Pellet-Cladding Interaction (PCI) failures are due to a combination of
localized pel let-induced strain resulting from power increases, a reduction in
the strain-to-failure capability due to irradiation, and chemically aggressive
fission products generated and released as vapor to the fuel-cladding gap from
those portions of the fuel pellets that operate at high temperatures. The
probability for occurrence of a PCI failure generally increases with
increasing power, the rate and amount of the power increase, time at high
power, and burnup.^ Fuel temperature is a controlling parameter since it
effects the stress on the cladding due to differential fuel-cladding thermal
expansion and the release of aggressive fission products to the fuel-cladding
gap. It has been concluded^ that the chemical species most aggressive to
zircaloy are iodine, cadmium, and cesium and that crack formation is the
critical step in this failure mechanism. Irradiation effects tend to
predominate over differences in initial microstructure, surface finish,
temperature, or alloy composition of zircaloy.

In contributing to the PCI failure mechanism, the magnitude of the
stress, a mechanical process, and the availability of aggressive fission
products, a chemical process, appear to be reciprocalJ' During a brief
transient which increases the fuel temperature, the stress in the cladding may
or may not be sufficient to produce cladding failure. However, fission
products released from the fuel to the fuel-cladding gap as a result of the
transient may subsequently enhance PCI during normal operation.
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Cladding Annealing

During transients which generate cladding temperatures above 750 K,
partial annealing of the initial cold-working of the zircaloy and the
accumulated irradiation damage is expected. The yield strength of irradiated
cladding following isothermal annealing is illustrated in Figure 1J3
Recrystallized alpha-zircaloy is expected to form at temperatures above 800 K
and contribute to the annealing process. Based on the data of Figure 1, it is
estimated that the yield strength of the annealed cladding drops below the
value of two-thirds the yield strength of the unirradiated cladding, which
corresponds to the stress intensity limit for zircaloy cladding, if a
temperature of about 900 K is maintained for 20 to 30 seconds.

Cladding Deformation

Cladding in the temperature range of 920 to 1100 K becomes ductile.
Depending upon the differential pressure across the cladding and the period of
time the cladding is at these elevated temperatures, the cladding may buckle,
collapse uniformly onto the fuel column, waist (flow into cracks or gaps in
the fuel column such as pellet-to-pellet interfaces), or balloon to rupture.

Relevant information on the dependence of cladding collapse upon
temperature, pressure, and time has been obtained from out-of-pile tests and
Test LOC-11'4 conducted in the Power Burst Facility (PBF). During
Test LOC-11, a test to determine fuel rod behavior during a hypothetical loss
of coolant accident (LOCA), two fuel rods had negative (compressive)
differential pressures of 3.1 and 8.8 MPa across the cladding while the
cladding was at high temperatures. On the basis of cladding microstructures
at the ends of the zone of cladding collapse, incipient cladding deformation
was found to occur at a temperature of about 920 K. The data suggest that
measurable plastic strain is coincident with partial recrystallization of the
stress-relieved alpha-zircaloy. Figure 2, based on isothermal out-of-pile
tests lasting fifteen seconds,^5 shows the cladding temperatures required
for cladding buckling, collapse, and waisting at different differential
pressures across the cladding. Similar tests at cladding temperatures of 1144
and 1172 K at negative differential pressures of 6.9 and 4.8 MPa,
respectively, indicated that cladding collapse and waisting may occur within
two seconds.'5

From this experimental evidence, it is concluded that incipient cladding
collapse occurs at about 920 K at differential pressures that are expected
during an operating cycle of a LWR fuel rod. The time required for collapse
is of the same magnitude as the expected duration of film boiling or dryout
during limiting Condition II transients if operation is not limited by the
present DNB or BT criterion. The effect of collapsed cladding on the
subsequent operation of a LWR rod is not well known. Recent data from the PBF
suggest that fuel rods subjected to a collapsing event (in this case a LOCA)
operate with lower temperatures during subsequent steady-state operation and
successive LOCA events. Thus, one could speculate that fuel with collapsed
cladding may actually be less susceptible to stress-corrosion cracking (SCC)
induced PCI. Annealed cladding may be less susceptible to SCC, but collapse
and waisting of the cladding will enhance stress concentrations in the
zircaloy.

Should the internal pressure of the rod exceed the coolant pressure,
cladding ballooning may occur. In Test LOC-11, incipient cladding ballooning
occurred at about the same temperature as incipient cladding collapse,
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920 K J 4 The cladding may balloon until rupture occurs. The depenJence of
the cladding burst temperature on the differential pressure across the
cladding is shown in Figure 3.^6

In the temperature rar<ge between about 1100 and 1255 K, the zircaloy is
in the alpha-plus-beta phase. Cladding at these temperatures is less
ductile. Collapse or ballooning of the cladding may occur, but the
strain-to-failure will be relatively small.

Cladding Embrittlement

When cladding temperatures exceed 1200 K, embrittlement of the cladding
due to oxidation by zircaloy-H20 and zircaloy-U02 reactions can become
significant. As oxygen diffuses into both surfaces of the cladding, the
zircaloy undergoes a metallurgical phase transformation from the beta phase to
the oxygen-stabilized alpha phase. The extent of cladding oxidation, and thus
embrittlement, depends upon the cladding temperature and time of operation at
temperatures greater than 1200 K. Highly oxidized cladding fractures upon
quenching and during handling due to the brittle nature of the ZrO2 and
oxygen-stabilized alpha-zircaloy. Criteria to define the onset of cladding
embrittlement are, therefore, based on behavior at room temperature.

In-pile data from regions of cladding fracture and maximum oxidation are
compared with the Pawel criteria^ in Figure 4 for various cladding
temperatures and durations of film boiling achieved during testing.^ The
comparison indicates that the embrittlement of the zircaloy-clad rods tested
under film boiling conditions is consistent with room temperature
embrittlement criteria based on oxygen content (distribution) in the
beta-phase zircaloy, with the exception of fuel rods which operated in film
boiling with breached cladding. The rods with breached cladding picked up
relatively large amounts of hydrogen (340-1000 ppm), probably due to a
stagnant steam atmosphere^9 inside the rods, thus producing embrittlement in
excess of that caused by oxygen alone.

POTENTIAL FUEL DESIGN LIMITS AND REQUIRED DATA

Two potential fuel design limits are suggested by the above cladding
behavior: (a) fuel rod functional capabilities are retained and fuel system
dimensions remain within operational tolerances (that is, the cladding
temperature shall not exceed, for example, 870 K for 20 s); and
(b) deformation such as collapse is allowed, but no significant oxidation is
permitted (that is, the cladding temperature shall not exceed, for example,
1400 K for 100 s). The first criterion is a fuel rod damage threshold based
on cladding annealing that applies to Condition II events. The primary
concern is that if DN8 or BT occurs on some fuel rods during a Condition II
event, those rods should be able to safely operate to the end of their current
cycle. They can then be inspected during the normal refueling period. The
design limits may take the form of a statistical distribution, perhaps
assuring with a 95% confidence that none of the fuel rods that were subjected
to DNB or BT operation will breach prior to reaching the end of the fuel cycle
in which the transient occurred. The second criterion is a failure threshold
based on cladding embrittlement that applies to Condition III events.
Adoption of this or a similar failure threshold would reduce the number of
fuel rods currently calculated to "fail" during a Condition III event.

Data necessary to determine and support post-DNB and post-BT fuel design
limits are required in the areas of post-DNB heat transfer, propagation of
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DNB, and fuel rod performance following film boiling and dryout. Cladding
surface heat transfer correlations in the film boiling regime are available,
but, due to the small data base, their uncertainties are large. A reasonable
data base exists for post-BT heat transfer7. Tests must show that film
boiling or dryoist does not propagate so that any film boiling or dryout that
may occur during an event is restricted to a small number of channels in the
core. It is also necessary to subject rods which have experienced DNB or BT
to additional normal operation, power ramps, and limiting Condition II events
to determine whether or not the rods are any more susceptible to failure. The
primary factors which may affect fuel rod behavior during post-DNB or post-BT
operation are PCI and rod bowing. Under the first design limit, PCI during
and following the event may be enhanced, however, the data are insufficient to
make this judgement. Tests on irradiated fuel rods of moderate burnup are
essential for evaluating any increased propensity for PCI damage and whether
or not it may be enhanced by fission product release or by cladding collapse.
It is necessary to show that the rods may be safely operated to the end of
their current fuel cycle. It must also be verified that the degree of
permanent rod bowing that may occur does not affect the cool ability of the
fuel rod. More data are required to understand the behavior of unirradiated
and irradiated zircaloy cladding annealed for brief periods (5-20 seconds) at
temperatures in the range of 750 to 950 K. Tests on high burnup fuel
assemblies are not required since it is unlikely that they will experience
film boiling or dryout due to their low operating power.

CONCLUSIONS

To precisely define the true thermal margin in LWRs and place the fuel
design limits on a "best estimate" basis, it is recommended that tests be
performed to assess two potential mechanistic fuel design limits that are
based on cladding annealing and embrittlement. They are: (a) that fuel rod
functional capabilities are retained and that fuel system dimensions remain
within operational tolerances; and (b) that cladding deformation be permitted,
but that no significant oxidation be allowed. A large bundle in-pile test
program to evaluate the post-DNB and post-BT fuel rod performance is necessary
to properly assess the PCI damage mechanism and develop a thermal-hydraulic
data base that will lead to the development of appropriate statistical damage
criteria.
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ABSTRACT

The results of an in-pile power-cooling-mismatch (PCM) test, designed to
investigate the behavior of a nine-rod, PWR-type fuel bundle operated under
intermittent and sustained periods of high temperature film boiling, are
presented. Emphasis is placed on departure from nucleate boiling (DNB) and
post-DNB events, including rod-to-rod interactions, return to nucleate boiling
(RNB), and fuel rod failure. Also presented is a comparison of the DNB
behavior of the individual bundle rods with single-rod data obtained from
previous PCM tests.

Results indicate that power-coolant variations randomly induced DNB and
RNB within the nine-rod test bundle. Direct rod-to-rod DNB, RNB, and fuel rod
failure propagation were not observed. However, a single, hydraulic
rod-to-rod interaction, the RNB of one rod abetting the onset of DNB on an
adjacent rod, was suspected. The conditions at the onset of DNB on the center
fuel rod were consistent with previously obtained PCM data for separately
shrouded test rods. Thus, the single-rod data base is considered applicable
for assessing the DNB conditions of an interior fuel rod within a small
cluster.

INTRODUCTION

The result in many hypothesized reactor accidents is an imbalance between
the heat generation rate of the nuclear core and the heat removal rate of the
coolant. Two extreme cases have commonly been designated the loss-of-coolant
accident (LOCA) in which coolant inventory is rapidly lost, and the reactivity
initiated accident (RIA) in which a sudden power increase is initiated within
the nuclear core. Between these two extremes lies a wide range of off-normal
power-cooling conditions, commonly referred to as power-cooling-mismatch (PCM)
events.

A power-cooling-mismatch test series is being conducted by the LWR Fuel
Research Division of EG&G Idaho, Inc., as part of the U. S. Nuclear Regulatory
Commission's Fuel Behavior Program.1 Test PCM-5 was the first

* Work supported by the U.S. Nuclear Regulatory Commission, Office of
Nuclear Regulatory Research under DOE Contract No. DE-AC07-76ID01570.
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nine-rod bundle test in the PCM series specifically designed to
characterize the behavior of a PWR-type fuel bundle operated under
power-coolant imbalance conditions. The experiment v, conducted in the
Power Burst Facility (PBF) at the Idaho National Engineering Laboratory.

The objectives of Test PCM-5 were to operate the nine-rod fuel bundle
in film boiling for a period of time to investigate the resultant fuel rod
behavior and the potential for rod-to-rod interactions. In addition, the
applicability of the previously established PCM single-rod data base to
multiple-rod geometries was of fundamental interest.

EXPERIMENT

The Test PCM-5 nine-rod bundle consisted of a 3 x 3 array of test rods
with an assembly pitch typical of a 15 x 15 commercial PWR array. The fuel
rods were similar to PWR rods except for active fuel length and
enrichment. The fuel bundle was positioned within a square cross section
zircaloy flow shroud within the PBF in-pile tube. A simplified schematic
of the test assembly is illustrated in Figure 1.

Film boiling was initiated within the bundle by slowly increasing the
test rod power while maintaining a constant bundle coolant mass flux. Film
boiling was detected by cladding surface thermocouples and rod displacement
responses. Peak cladding temperatures and the axial extent of film boiling
on the test rods were determined from posttest examination. The test
bundle was allowed to continue high temperature operation for about
690 seconds, during which seven of the nine rods underwent random film
boiling for various times. A detailed description of the Test PCM-5 design
and conduct is found in Reference 2.

RESULTS

Figure 2 illustrates the approximate Test PCM-5 film boiling history
with corresponding test rod power and bundle coolant mass flux. The shaded
regions illustrate approximate elevations and associated times of film
boiling operation. Two of the nine test fuel rods (corner Rods 205-7, and
205-9) underwent no film boiling and two others (side Rods 205-2 and 205-4)
were not instrumented; therefore, only five of the seven fuel rods which
attained film boiling are illustrated. No evidence of rod-to-rod film
boiling progagation was found.

During the test, a corner rod (Rod 205-1) and a nonadjacent side rod
(Rod 205-8) failed. The corner rod failed while operating at high
temperature as a result of extensive cladding embrittlement (nil-ductility)
after ~500 seconds of sustained film boiling operation. The side rod
failed as a result of quench-induced thermal shock on the embrittled
cladding following ~250 seconds of sustained film boiling. No evidence of
rod-to-rod failure propagation was detected.

In general, variations in recorded cladding surface temperatures could
be directly related to corresponding variations in the power-coolant
conditions. The power-coolant conditions that resulted in the onset of
film boiling for one test rod, however, may have led to only a small or no
thermal excursion on other rods.
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Departure From Nucleate Boiling (DNB)

The power and coolant conditions at the onset of DNB for each of the
fuel rods of the PCM Test Series are illustrated in Figure 3. A discussion
of the PCM test series and a data listing are given in References 2 and 3.
As shown, the general trend is an increase in the coolant mass flux with an
increase in the rod peak power. All data, except those of Test PCM-5, are
for isolated fuel rods, each within its own coolant flow shroud.

The behavior of the center fuel rod in Test PCM-5 is of particular
interest. As illustrated in Figure 3, the conditions at the onset of ONB
for this rod correspond very well with the general trend of individually
shrouded rods. Therefore, the data base obtained from previous PCM tests,
in which each fuel rod had its own flow shroud, may be used to estimate the
conditions at the onset of DNB for a single fuel rod located within the
inner regions of a bundle. The DNB data of the side and corner bundle fuel
rods, however, lie somewhat above the general trend of the individually
shrouded rods. Such behavior indicates more effective cooling of the side
and corner rods, perhaps due to the near presence of the cooler flow shroud
wall or as a consequence of fuel rod bowing.

A comparision of the Babcock and Wilcox (B&W-2) and Westinghouse (W-3)
critical heat flux (CHF) correlations was made for the center bundle rod in
Test PCM-5. From the nominal experimental conditions at the onset of DNB
(Q = 55.7 + 12 kW/m, G = 1082 + 3 kg/m2-s, T i n = 593 + 15.2 K), the
B&W-2 correlation predicts a minimum departure from nucleate boiling ratio,
DNBR (critical to local heat flux), of 1.32 and the W-3 correlation
predicts a minimum DNBR of 1.12.

Return to Nucleate Boiling (RNB)

Figure 4 illustrates a typical cladding temperature history observed
during a PCM-5 film boiling event. As shown, the cooling process is
characterized by a high temperature rapid cooling period, defined as
quench, followed by a lower temperature rewet.

Kim and Lee** developed an empirical correlation (based on
out-of-pile FLECHT reflood data with internal cladding thermocouples) for
predicting the quench temperature, Tq. Their correlation is given by

Tq(+10%) = 19.51

-0.162

(1)

T .-0.0989 , .-0.163

> ) (f) *V
Figure 5 compares the predicted quench temperatures (Equation 1) with

those determined experimentally from recent in-pile tests (with external
thermocouples), including Test PCM-5 (see Reference 5 for a complete data
listing). As shown, Equation (1) accurately predicts (+10%) the quench
temperatures experimentally measured for intact fuel rod's. The influence of
external cladding thermocouples on Tq appears to be within the uncertainty
of Equation (1).
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The rewet temperature (Trw) is defined as the cladding temperature at
which direct coolant/cladding contact is reestablished and a
liquid-vapor-cladding triple interface is formed. Given sufficient
resolution, T r w may be detected by a distinct slope change on the cladding
temperature history trace; however, the presence of external cladding
thermocouples may likewise contribute to such slope changes.

Rewetting is considered to occur when the local hot surface temperature
becomes less than the Leidenfrost temperature. From basic theoretical
considerations, Gunnerson and Cronenberg6 developed the following expression
to estimate the Leidenfrost, or rewetting temperature range:

T t < T < Tms f ^ ) w * (*A/Oj - \ (k/v% (2)
sat rw

For pure water at 15.5 MPa and oxidized zircaloy-4 cladding (ZrO2),
Equation (2) predicts a rewet temperature range of 617 to 670 K. For Test
PCM-5, distinct slope changes were detected in the cladding temperature versus
time traces (Figure 4) during periods of RNB. The final slope change, perhaps
indicative of rewetting, was apparent in the 635 to 670 K temperature range
and within the theoretical rewet temperature range.

Rod-To-Rod Interactions

Rod-to-rod interactions are herein defined as phenomena in which the
behavior of one bundle rod directly influences the behavior of another
(usually adjacent) rod. Such phenomena may be manifested through the inherent
hydraulic, neutronic, or thermophysical coupling between the rods.

A single instance of anomalous DNB behavior was suspected during the
test. The DNB of side Rod 205-6 occurred during power-coolant conditions
which appeared to favor an RNB process. Such behavior may represent a
hydraulically coupled rod-to-rod interaction, since several rods were
undergoing RNB at the time Rod 205-6 commenced film boiling.

A conceptual illustration of a hydraulically coupled rod-to-rod
interaction is shown in Figure 6. When a fuel rod within a bundle geometry
surpasses DNB, the local quality changes and localized coolant mass flux
redistribution may occur. Under certain conditions, the resultant coolant
mass flux redistribution may enhance the cooling on adjacent rods. Similarly,
RNB again disrupts the local coolant flow pattern and may result in decreased
cooling for adjacent rods. For saturated or near saturated coolant
conditions, a slight decrease in the coolant mass flux could initiate film
boiling. The RNB of central Rod 205-5 may, therefore, have resulted in a net
decrease in coolant availability for side Rod 205-6, thus promoting film
boiling operation. The inherent neutronic coupling between the rods may
likewise have abetted this behavior.
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C0NCLUSI0NS AND OBSERVATIONS

1. The order in which the test rods underwent DNB and RNB appeared to be
random on an overall bundle basis.

2. A single rod-to-rod interaction was suspected. Specifically, the RNB of
one rod appears to have abetted DNB on an adjacent rod. Such an
interaction was interpreted as a result of the inherent rod-to-rod
hydraulic coupling.

3. The previously established DNB data base for individually shrouded fuel
rods is considered applicable for assessing the onset of DNB for an
interior bundle rod.

4. No evidence of direct rod-to-rod failure or film boiling propagation was
detected.

5. The cladding temperatures at which quench and rewet occur may be
estimated from existing empirical and theoretical correlations.
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NOMENCLATURE

CP
G

k

P

Q
T

Tsc
Tws
Z

a

<5

P

heat capacity, J/kg-K

coolant mass flux, kg/m *s

thermal conductivity, W/m-K

pressure, MPa

linear peak rod power, kW/m

temperature, K

subcooling temperature (T -T, ),K

maximum wall superheat (T-TC),K

axial distance from inlet, m
p

thermal diffusivity, tn/s

wall thickness, m

density (kg/m )

c
in

L

min
ms

q

rw
s

w

Subscripts:

critical

inlet

liquid

minimum

maximum superheat

quench

rewet

saturation

wall or heater
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ABSTRACT

A series of about 200 refloading tests was carried out in the
REWET-I single pin facility. The primary objective of these tests was
to inprove the \jnderstanding of the basic phenomena of the rewetting
process. As a specific feature, the effect of non-condensible gas
(nitrogen) on the rewetting process was investigated. The relation
between heating power and mass flow rate had a strong effect on
rewetting velocity and quenching tine while the initial rod temperataare
and the coolant teitperature had a much weaker effect. Typical values
of the heat transfer coefficient calculated from measured temperature
data were 4...25 W/m2K for steam flow,20...80 W/m2K for dispersed flow,
and 50...350 W/m2K for film boiling before quenching. Reflooding
experiments are being continued in a facility (REWET-II) featuring a
full length bundle of 19 fuel rod simulators.

MAIN OBJECTIVES OF REWET-I TESTS

The primary aims of the REWET-I test series were to improve the under-
standing of the basic phenomena of the rewetting process, to investigate the
effect of different parameters on it and to derive values for the heat transfer
coefficient from the rod surface to the coolant. As a specific topic of the
experiments the effect of nitrogen dissolved in the coolant was studied. In
addition, experience concerning instrumentation and test procedures has been
gained. This experience is being used in the implementation of the REWET-II
test series featuring a bundle of 19 full length fuel rod simulators.

TEST FACILITY AND TEST CONDITIONS

The REWET-test program addresses the reflooding phase of the LOCA.
The program was started with the REWET-I single rod facility. The facility
includes a sixpulse thyristor rectifier, an accumulator, a centrifugal ptnp, a
stasm boiler and the test section, which consists of a directly electrically
heated fuel rod simulator surrounded by a concentric quarz glass tube. The
cooling water flows in the annular flow channel between the rod and the glass.
Two testrods have been used, one with a uniform and the other with a chopped
cosine power distribution. The chopped cosine power distribution was accomp-
lished by varying the thickness of the cladding of the simulator rod in the
axial direction. The reflcoding flow patterns and the quenching front propa-
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gation were observed and filmed through the glass tube. The characteristics
of the test section are shown in Table I and the range of test conditions in
Table I I . The facility and test procedures are described in more detail in
ref. / I / .

TABLE I. The characteristics of the test section

Total length of the test rod
Heated length of the test rod
Outer diameter of the test rod
Inner diameter of the glass tube
Thickness of the glass wall

2.115 m
1.550 m
0.01225 m
0.0242 m
0.003 m

TABLE I I . The range of test conditions

Average linear heating
power
Pressure
Bottom flooding rate

Corresponding level
rise rate

Temperature of the
injected coolant

Initial cladding
temperature

Rod 1

Uniform power
distribution

3.2-10.3 W/cm

100-350 kPa

6.4-21.7 g/s

0.018-0.063 m/s

18-47 °C

520-700 °C

Rod 2

Chopped cosine
power distribution

2.2-9.5 W/cm

100-400 kPa

4,7-22 g/s

0.0014-0.064 m/s

27-68 °C

510-800 °C

SDTWARY OF RESULTS

Rewetting mschanism

Time zero of the tests was defined to be the moment when the lower
plenum is filled and the water level reaches the lower end of the heated
rod section. Due to the effective steam production, water passing the
quenching front moving upwards will be broken into droplets, which are
carried out as entrainnent from the armulus. Above the quenching front the
rod is cooled by the dispersed flow of steam and droplets. Near the
quenching front the cooling takes place in the film boiling and transition
boiling regimes. The boundaries between the three heat transfer and fj.ow
regimes are difficult to define because the transition is gradual and water
entrainment is very oscillatory.

In the droplet-steam dispersed regime the rod is cooled slowly by
convection and radiation. In the film boiling regime the rod is cooled near
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to the quenching temperature. Figure 1 shows schematicly the axial variation
of clad surface temperature. Clad temperature before final cooling was 300...
450 C. Two phases can be distinquished during the final quenching. During
transition boiling the test rod is cooled to the Jjeidenfrost tenperature after
which total wetting of the rod surface is possible and the surface is cooled
by nucleate boiling and forced convection.

Part of the entrained water falls back into the coolant channel and
forms a falling liquid film. The falling liquid film and bottom flooding met
at an elevation of about 2/3 of the heated length. A slow notion film showed
that the steam flowing up sometimes caused the falling liquid film to separate
from the rod wall. Although the average rewetting velocity was nearly con-
stant, the rewetting front was seen to propagate stepwise. At first an area
of about 0.5-1.0 cm' rewetted quickly and then the rewetting front seemed to
stop for a while before the next area on the rod wall rewetted.

Heat transfer coefficient

The heat transfer coefficient h between the test rod surface and the cool-
ant in steam flow, dispersed flow and film boiling regimes was calculated
from the measured temperature data by Newton's cooling lav;

q = hAT, (1)

where q is the heat flux and AT the difference between the surface temperature
and coolant temperature. The ranges of values obtained were 4... 25 W/m2K for
steam flow, 20.". .80 W/m2K for dispersed flow and 50... 350 W/m2K for film boiling
before the quenching. The radiative heat transfer through the glass tube, the
estimated temperature of the superheated steam and the temperature dependent
heat generation of the simulator rod were taken into account when determining
the heat transfer coefficient.

The effective heat transfer coefficient during quenching process was
estimated by the correlation of Duffey and Porthouse [2] from the measured
rewetting velocity u:

-1 7rpc v c
u ! » '

)
sat'

where p is the test rod material density, c the specific heat, T the clad
temperature, T . the saturation temperature of coolant and T tSe Leidenfrost
temperature. °

Assuming a value of 167 C above the saturation temperature for the
Leidenfrost temperature, an effective heat transfer coefficient of 1.7*10s...
4.8*105 W/m2K for the quenching process was derived.

The effect of test conditions on the rewetting
velocity and the heat transfer coefficient

In the FEWET-I experiments the pressure and the ratio between heating
power and mass flow rate had a strong effect on the average rewetting uslocity,
while the initial rod temperature and the coolant temperature had a weak effect
only. Decreasing the heating power or increasing the flow rate or pressure
reduced in particular the filtn boiling region.
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In general, heat transfer coefficient decreased with increasing elevation.
The REWET-I experiments indicated increased heat transfer coefficient with
increasing flooding rate and increasing pressure. The effect was clearly
discernible. Higher i n i t i a l cladding temperature increased heat transfer
coefficient during steam and dispersed flow. Increasing the coolant tenperature
decreased the heat transfer coefficient a t the end of film boiling regime.
The effect of coolant tenperature was weak.

Changes in heating power did not affect the values of the heat t ransfer
coefficient for the different flow regimes. The effect of increasing heating
power was seen as an increase in the extent of the film boiling phase.
Figures 2 to 5 display examples of the observed dependences.

The effect of nitrogen dissolved in the coolant

In some experiments coolant was saturated with nitrogen under a pressure
of 40 bar. Under th is pressure and 40 °C temperature 588 mg nitrogen i s
dissolved at saturation in one kilogram of water [3] . The nitrogen dissolved
in water formed bubbles in the i n l e t pipe and in the lower plenum of the
faci l i ty where pressure i s much lower than in the nitrogen pressurizer.
Void fraction in the lcwer plenum was about 0,4. The size of the bubbles
grew rapidly in the heated par t of the t e s t section: the largest bubbles
grew from 0,02 to 0,2 m when traversing from the lower end of the class tube
to the elevation a t jus t below the quenching front. These bubbles broke the
quenching front and dropped i t downwards by about 0 ,02 . . .0 , l m, apparently
to the level where i t would have been i f there were no dissolved gas in the
coolant. The bursting of nitrogen bubbles increased the entrainment of water.
This conclusion was drawn both from visual observation and from the measured
values for m^^/m-j^, where m-,^ i s the amount of water droplets collected
during a test by the water separator and m^n i s the to ta l amount of water
injected into the test section during the test.

Despite of the phenomena described above dissolved nitrogen did not have
any significant effect on the average rewetting velocity. Figure 6 shows
temperature his tor ies from a pair of comparative tests with the rod having
the cosine power distr ibution.

DISCUSSION

Direct comparison with other reflooding experiments might not be relevant
because of differences in geometry and values of t e s t parameters. A rough
comparison of EEWET-I resul ts shows good agreement with PWR-EIECHT resul ts / 4 / .
The observed effects of the t e s t parameters on the rewetting velocity and heat
transfer coefficient were very similar in REWET-I and PWR-FLECHT t e s t s .

REWET-I t e s t fac i l i ty was constructed primarily to visualize the reflood
phenomenon. The test section consists of the e lec t r ica l ly heated s ta inless
s tee l fuel rod simulator in die glass tube. The glass tube makes a cold wall
around the rod simulator. The maximum glass tenperature was in the FEWET-I
experiments between 200 and 300 C. Hence the glass wall wetted as soon as
water existed in the annulus and water droplets flowed up along the glass wall
carried by the steam.

Radiative heat flux through the glass tube was notable in the steam flow
and dispersed flow regimes. This was taken into account when determining
the heat transfer coefficient / I / .

The accuracy in presented data i s a function of instrument errors ,
calibrat ion errors and approximations made in the evalution of the measured
data. Estimated error l imits in FEVET-I experiments are shown in Table I I I .
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TABI£ III Estimated error limits in REWET-I experiments

Parameter
Cladding temperature
Pressure
Flow rate
Heating power
Coolant tenperature
Time
Quenching tenperature
Heat transfer coefficient
derived for steam flow
dispersed flow and
film boiling regime.

Error limits
+ 10 °C
+ 10 kPa
+0,5 q/s - 0,15 cm/s
+ 18 W
7 1 °C
+ 1 s
+ 13 °C
+ 25 W/m2K

As a continuation to the REWET-I experiments REWET-II rod bundle
reflcoding experiments are being planned. REWET-II project aims to
develop a facility and instrumentation for a variety of studies on the
ref lood process and to study the validity of ref lood correlations under
conditions simulating pressurized water reactors in use in Finland. One of
the specific aims is to iitprove the understanding of the ref lood phenomenon
in a system with upper plenum injection. KEWET-II facility will have 19 full
length electrically heated rods and scaled upper plenum, lower plenum and
downcomer volumes and primary coolant pipes.

SUVMAFY

About 200 reflooding experiments were carried out in the REWET-I facility.
The value of the heat transfer coefficient was 4...25 W/m2K for steam flow,
20...80 W/m2K for dispersed steam-droplet flow and 50...350 W/m2K for film
boiling.

Pressure, flow rate and heating power had a strong effect on rewetting
velocity, while initial cladding tenperature and coolant temperature had a
weak effect.

The effect of nitrogen dissolved in the coolant on reflooding was seen
as increased water entrainment and temporary fallback of the quenching front
when nitrogen bubbles bursted near the quenching front. The quenching front
reached, however, rapidly the original elevation and, as a whole, the
contribution of gas bubbles on the rod rewetting and the local heat transfer
coefficient was negligible.
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ABSTRACT

The objective of LOCA heat transfer and hydraulics research is to
provide additional quantitative information on thermo-hydraulic aspects.
Using a 5-rod row and a 25-rod bundle flooding experiments have been
conducted to investigate the transient two-phase flow during the
flooding phase.

The tests were performed at cold flooding velocities of 2 to 5 cm/s
and initial cladding temperatures of about 750 C. Fast responding thermo-
couples were used to measure local fluid temperatures within the flow
channels between electrically heated rods. High Frequency Probes were
installed to detect water droplets at the positions of the probes.

Thermal non-equilibrium of the two-phase flow prevailed during nearly
the entire flooding phase. Water droplets entrained by steam were detected
at all elevations in the coolant channels, even at the start of flooding
when the liquid level reached the bottom of the rods. The water content
was quantified just above and upstream of the quench front. In spite of
forced feed conditions flow pulsations were observed in a few tests.

INTRODUCTION

Two-phase flow in various flow regimes occurs during emergency core cooling
of LWR's. The cooling effectiveness of the steam-water mixtures in the core is
of special interest. The steam superheat, water content and distribution were
investigated. The evaluation of flooding tests performed with fuel rod simulators
of PWR dimensions /I,2/ can be accomplished by investigation of the two-phase flow
conditions measured. First results were obtained with fast responding thermocouples
for measurement of steam temperatures, and a high frequency impedance probe /3,4/
for the detection of water droplets. Experience with both measurement techniques
is described in /5/. The results obtained from the experimental study of two-
phase flow conditions during flooding may be used in heat transfer analysis and
computer code modeling.

TESTS AND MEASUREMENT DEVICES

A 5-rod row and a 5x5 rod bundle is used to simulate cooling con-
ditions in a PWR core during the reflood phase of a LOCA. The test rig shown
in Fig. 1 is designed for a separate effect test program characterized by a
constant flooding rate and constant back pressure during each test. As fuel
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back
pressure
constant

rod simulators electri-
cally heated rods of ori-
ginal PWR-dimensions are
used. The axial cosine
power profile is appro-
ximated by 7 steps of
the rod power. Spacer
grids are located at
several axial eleva-
tions corresponding to
the PWR bundle geometry.
Some of the tests were
performed using sleeves
and plates to simulate
rod ballooning effects
on the reflood thermo-
hydraulics. For about
two hours prior to re~
flood, the housing is
preheated by radiation
from the heater rods
at a relatively low
power level. The axial
temperature distribu-
tion of the rod cladding
is closely related to
the power distribution
in the heaters. After
the cladding tempera-
tures have reached the
required initial tem-
peratures, reflood is
initiated. When the
rising water reaches
the bottom end of the
heated zone, the rod
power is increased to
the decay heat level according to the ANS + 20 % value for 40 s after shutdown
and it follows this curve. The effect of flooding parameters was investigated
at cold flooding velocities from 2 to 5 cm/s, system pressures from 2 to 6 bar,
and initial maximum rod clad temperatures from 600 to 800 C. The flooding
water was supplied at a temperature of 40 C.

The rod clad temperatures are measured by thermocouples embedded completely
in the rod cladding to avoid any coolant channel disturbance. For the measure-
ment of fluid temperatures thermocouples of 0.25 mm sheath diameter are used
which protrude into subchannels of the bundle. High Frequency probes (HF-
probes) are used to detect the water or steam phase at the tip of the probe.
The measuring principle is based on the different reflections of an electric
high-frequency wave at the open end of the probe, depending on the different
terminating impedances of steam and water, respectively. The probes have a
diameter of 0.6 mm and protrude also into subchannels as do the steam superheat
temperature probes.

LEGEND

1 WATER TANK

2 PUMP • THROTTLE VALVE

3 FLOW METER

i. TEST SECTION

5 LEVEL- REGULATION

• FLOODING VALVE

6 BUFFER

7 PRESSURE REGULATOR

8 WATER COLLECTING TANK

9 STEAM SUPPLY

10 ROD INSTRUMENTATION

11 ROD POWER SUPPLY

forced feed
constant
during each test

Fig. 1 FEBA test rig for full length rod bundles
with 5 to 50 rods.
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RESULTS

Steam Superheat

During most of the flooding phase thermodynamic non-equilibrium
prevails. Steam temperatures within the channels are transient in character,
similar to clad temperatures. But they are approximately 200 K lower in the
central part of the bundle, and up to 200 K higher at the upper bundle exit end
compared to clad temperatures at corresponding elevations. Due to enhanced

1000

UNBLOCKED (runt??)

627. PLATE BLOCKAGE §
AT CENTER LINE (run206)

v = 2 c m / s
p= 4.5 bar
Tw| 40°C

I FLOW

TIMEs

Fig. 2 Comparison of fluid temperature signals in the unblocked and blocked
5-rod row.
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vaporization of the water entrained coolant channel disturbances e.g. spacer
grids lead to locally lower steam superheat.

Droplets are detected at all elevations a few seconds after the beginning of
flooding. But the residence time of water is very short then. It does not in-
crease significantly until a few seconds before the quench front has reached the
elevation investigated. In Fig. 2 measured steam temperatures are plotted as
functions of (1) time, (2) axial elevation, and (3) bundle geometry.

These transients are compared with clad temperatures measured at corresponding
axial positions. The data are obtained from tests performed with unblocked and
blocked 5-rod rows. Both tests were performed under identical flooding conditions.
In the left column of the figure transients are shown which have been measured
in the unblocked array. The right column represents corresponding data from the
blocked array. A perforated plate mounted at the center line of the array blocked
62 % of each subchannel flow area.

Maximum steam temperatures of about 700 C are measured in both tests near
the centerline of the bundle. The turnaround points roughly correspond to the
turnaround points of the clad temperatures. However, downstream of the plate
blockage the steam superheat is slightly lower and decreases faster compared with
the unblocked array. A lower steam superheat indicates improved heat exchange
between the steam and the droplets. Enhanced flow turbulence and lower steam
temperature cause shorter quench times of the rod clads. This effect decreases
with increasing distance from the blockage.

At the top end of the bundle superheated steam generated in the hot mid-
section of the array heats the housing despite the presence of droplets. The
maximum superheat temperatures of both tests are at the same level, but the
temperature signal decreases earlier in the housing of the unblocked array.
Increased heat removal downstream of the blockage evaporates more water compared
with the test without blockage.

Water Conte ':

The local water content depending on (J) time, and (2) axial elevation is
evaluated from signals of HF-probes. These probes indicate the presence of water
or steam at the probe tip of 0.6 mm diameter. Integration of the signals leads
to a residence time of water at the local probe corresponding approximately to
the local water content. Fig. 3 shows results obtained from three probes placed
at different axial levels in a subchannel of the 5-rod row. The data are pre-
sented for one position (- 940 mm) upstream of the center line, and two positions
(+ 60 mm, + 1060 mm) downstream of it.

The plots show the residence time of water in the subchannel to be less
than 5% for the long time span until the quench front approaches the corresponding
elevations. In the upper part of the bundle the water residence time is less
than 30 % in spite of the fact that all axial elevations of the bundle are
wetted. After shutdown of the rod power boiling stops and the water content
increases.

For the time span when the residence time of amounts to less than 5 %,
the original probe signals indicate the droplet content. This information is
useful when investigating the mist flow regime. An additional analysis using
the delay-time method allows to add droplet velocities. But the status of the
evaluation method does not yet permit to present results.

Flow Pulsations

Some of the flooding tests performed with a 5-rod row and a 25-rod bundle
show flow pulsations in spite of forced feed. A data analysis indicates that
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steam produced at the lower bundle end entrains water in random quantities. Low
entrainment leads to high steam temperatures and diminished heat removal. When
the steam film between the rod surfaces and the more or less closed water column
breaks down partly, more water is entrained suddenly to the upper bundle part.
The consecutive events are: decreasing steam superheat, increasing heat removal,
and forced steam production. But the water entrainment at the lower bundle part
decreases when the water column is growing, again inverting the events mentioned.

In the test data shown in Fig. 2, right column, a significant change of
steam temperature is discernible between 40 and 60 s after start of flooding.
In Fig. 4 the steam and clad temperatures of this test are plotted versus an
enlarged time scale, and compared with pressure data of the same test. The event
seems to start 38 s af' er start of flooding. In the lower part of the array
the signal of the steam temperature probe indicates a temperature rise from
saturation temperature to about 400 C. 8 s later this temperature breaks down.
Within less than 2 seconds the fluid temperature probes at all elevations respond
similarly. The clad temperatures are slightly decreasing, and the system pressure
is increasing.

For less than 10 % of the tests performed this mechanism led to nearly
regular flow pulsations with up to 10 cycles. The frequencies vary between
0.4 - 0.3 cycles/s at a system pressure of 2 bar, and 0.08 cycles/s at 5.5 bar.
This behavior has been detected by analyzing tests in which both, 5-rod row,
and 25 rod bundles have been flooded.

In Fig. 5 the typical influence of flow pulsations on pressure differences
in the bundle, clad temperatures, and steam temperatures is shown. However,
pulsations of this order of magnitude do not influence the maximum clad
temperatures, and quench-time, respectively.

SUMMARY

Transient two-phase flow conditions in heated rod bundles have been analyzed
investigating local steam superheat and the water content. The forced feed
flooding velocities varied from 2 to 5 cm/s, the system pressures from 2 to 6 bar,
and the initial rod clad temperatures between 600 and 800 C.

- Thermal non-equilibrium prevails during most part of flooding.
- Steam temperatures are approximately 200 K lower than the clad temperatures
in the central part of the bundles.

- Droplets are entrained through the total bundle a few seconds after beginning
of flooding.

- The water content at the quench front is different depending on the axial
elevation.

- After quenching of the total bundle a residence time of water of less than
30 Z is indicated for the upper bundle part.

- Flow pulsations with frequencies from 0.08 to 0.4 Hz caused by random water
entrainment do not influence the maximum clad temperatures and the quench-
times.
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ABSTRACT

The ROSA-III facility is a volumetrically scaled (1/424)
BWR system with electrically heated core designed for integral
LOCA/ECCS tests. It is confirmed from the experimental results
obtained so far that the ROSA-III test facility can simulate
major aspects of a BWR LOCA, such as boiling transition by
lowering of mixture level in the core, revetting by the lower
plenum flashing, and final quenching by ECCS. The calculated
system pressure transient by the RELAP4J code is in good
agreement with the experimental result, however, the calculated
maximum fuel surface temperature overpredicts the measured value
considerablly.

INTRODUCTION

The loss-of-coolant accident (LOCA) is a major issue today concerning
the use of nuclear power. The major defense against a LOCA is the emergency
core cooling system (ECCS).

Thermo-hydraulic behavior in the pressure vessel of a light water reactor
during a posturated LOCA had been studied as the ROSA-I (Rig of Safety
Assessment-I) research program. (i) Discharge flow rate from the ruptured
pipe, pressure transient, fluid temperature transient, and residual amount of
water in the pressure vessel, (ii) behavior of fuel rod surface temperature,
and (iii) pressure oscillation due to rapid pipe break were studied in the
research program. The ROSA-I program was completed in March, 1973.1>2

Thermo-hydraulic behavior in the primary cooling system of a pressurized
water reactor (PWR) during a LOCA was studied as the ROSA-II research program.
The ROSA-II has two loops; one is an intact loop and the other is a broken
loop. Both loops have active steam generators and recirculation pumps. The
core is simulated by half-length electric heater pins with the maximum heater
power of 2.35 MW. The volumetric scale factor of the facility is 1/416.
Major objectives of the program are (i) to perform integral simulation test
for a PWR LOCA to confirm the scenario of the accident, and (ii) to examine
the effectiveness of ECCS. The ROSA-II program was completed in July, 1977.3~6

Similar research program concerning a boiling water reactor (BWR) started
in April, 1978, as the ROSA-III research program.~* The ROSA-III facility is
a volumetrically scaled (1/424) boiling water reactor (BWR) system with elec-
trically heated core designed to study the response of the engineered safety
features (ESF) in commercial BWR systems during the postulated LOCA.
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With recognition of the differences in commercial BWR designs and inherent
distortions in reduced scale systems, the design objective for the ROSA-III
facility was to produce the significant thermal-hydraulic phenomena that would
occur in commercial BWR systems in the same sequence and with approximately
the same time frames and magnitudes. The objectives of the ROSA-III experi-
mental program are;

(1) To provide data required to evaluate the adequacy and improve the
analytical methods currently used to predict the LOCA response of large
BWRs. The performance of the ESFs, with particular emphasis on ECCS,
and the quantitative margins of safety inherent in performance of the
ESF are of primary interest.

(2) To identify and investigate any unexpected event(s) or threshold(s) in
the response of either the plant or the ESF and develop analytical
techniques that adequately describe and account for such unexpected
behavior.

The information acquired from loss-of-coolant experiments (LOCE) is thus
used for evaluation and development of LOCA analytical methods and assessment
for the quantitative margins of safety of ESFs in response to a LOCA.

TEST FACILITY

The ROSA-III facility is designed to simulate a LOCA in a standard BWR/6
plant of General.Electric Company. The schematic diagrams of the facility and
the pressure vessel internals are given in Fig.l and Fig.2, respectively.
Major dimensions of the ROSA-III test facility are listed in TABLE I comparing
with the values of a BWR.

The maximum operating system pressure and fluid temperature cover the BWR
conditions in steady state and transient, i.e. 9.0 MPa and 303 °C (576 K).

The core is simulated by 4 half-length fuel bundles with electric heater
rods heated indirectly. Active core height is 1880 mm and the outside diameter
of a heater rod is 12.52 mm. Each fuel bundle has 63 fuel rods arranged in a
8 x 8 square lattice with the pich of 16.26 mm. The total maximum heater power
is 4.2 MW.

ROSA-III test facility has two primary coolant loops, one is a broken loop
and the other is an intact loop. Each loop is provided with a recirculation
pump and two jet pumps. Jet pumps are placed outside of the vessel for the
satisfactory simulation of volume and height. The volume of each component in
the primary coolant system is scaled as close as possible to 1/424 of that of
a BWR. The relative elevation of each component to the core is made as close
as that of the reactor.

The facility has three coolant injection systems as ECCS, namely high
pressure core spray (HPCS), low pressure core spray (LPCS), and low pressure
coolant injection (LPCI) systems. The flow rate of each system is scaled to
1/424 of the BWR condition.

The break is simulated by two orifices, two rupture disks and one quick
shut-off valve. The break area can be varied by selecting the orifice diameter,
and it is scaled to 1/424 of the break area in a BWR LOCA. Two phase flow
from the break is condensed by rapid condensers and discharged into an outdoor
pool.
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TEST PROCEDURE

After initial conditions are established, the rupture disks are broken
by spears and the core heating rate is varied along the curve programmed
in advance. The transient power simulates heac transfer rate to coolant in a
BWR. The scaled steady state power is 9 MW, however, the ROSA-III heater power
is limited to 4.2 MW, therefore, the heater power is kept constant for approx-
imately 10 s after break until it crosses the calculated power transient curve
and then decreased following the heat transfer rate to coolant in a BWR.2If

Each ECCS water is automatically injected when the injection conditions such
as system pressure and delay time are realized. Core heating is terminated
when the fuel surface temperatures exceed the initially set value (usually
700 °C) at least two points in core.

About 500 experimental data are recorded by digital recording system with
recording speed of 50 Hz/ch. Major items of instrumentation are pressure,
pressure difference, discharge flow rate and steam quality, ECCS injection
rate, heating power, fuel surface temperature, fluid temperature, pump revolu-
tion rate and so forth.

TEST RESULTS

ROSA-III integral experiment RUN 704 simulates a double-ended break LOCA
at the recirculation pump inlet side. ECCS was actuated with scaled flow.
Power distribution in the core is uniform radially and chopped cosine distribu-
tion axially with the peaking factor of 1.41. The steady state power is 3.3 MW
and it is insufficient to simulate the corresponding BWR steady state power of
9.0 MW. Therefore, the power is kept constant until 11 seconds after break
when the ROSA-III power level crosses the normalized decay curve of BWR core
heat transfer rate to coolant. After 11 seconds the power is decreased follow-
ing the calculated decay curve. Primary initial conditions are a steam dome,
pressure of 7.04 MPa, core inlet temperature of 545 K, lower plenum subcooling
of 13 K, and core inlet flow rate of 35.7 kg/s.

The system pressure (cf. Fig.3) decreases after break by the discharge of
fluid through the break. The pressure turns to the increase after the closure
of the main steam valve at 4.5 seconds after break. The mixture level in the
downcomer decreases rapidly after break and reaches the outlet nozzle to the
recirculation loop at 12 seconds after break. Then the steam in the vessel
discharges directly through the vessel side break and the system pressure
starts to decrease rapidly. The lower plenum saturates at 17 seconds after
break due to the decrease in the system pressure, and the lower plenum initiates
flashing after saturation due to continuous decrease in the system pressure.
However, the decrease rate of the system pressure slows down after the initia-
tion of the lower plenum flashing because of the continuous steam generation in
the lower plenum.

The fuel rod surface temperature is shown in Fig.4 comparing with the
results for RUN 706 without ECCS actuation. The measured fuel surface tempera-
ture starts to increase rapidly at 13 seconds after break due to DNB for 70 %
of the core from the top. The fuel surface temperature exhibits rewetting
after 17 seconds by the lower plenum flashing below the mid plane of the core.
Spray of water from high pressure core spray (HPCS) and low pressure core spray
(LPCS) systems limits the increase rate of the fuel surface temperature at
upper portion of the core. After the initiation of high-flow-rate low pressure
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coolant injection (LPCI) system at 80 seconds the mixture level in the vessel
recovers fast and the fuel surface temperature turns around to decrease. The
whole core is reflooded at 95 seconds. The fuel surface temperature is quenched
from the bottom to the top and the whole core is quenched at 120 seconds after
break.

The mixture level transients in the core and lower plenum measured by
conductivity probes are shown in Fig.5. Mixture level in the core lowers quite
fast from 13 to 15 seconds after break and recovers by the lower plenum flashing
between 17 and 30 seconds. After 30 seconds separate mixture level is formed
in the lower plenum and both mixture levels in the core and lower plenum lowers
with time. However, lowering rate in the core is slower than the results for
RUN 706 without ECCS actuation, indicating the accumulation of part of sprayed
water from HPCS and LPCS in the core. In the lower plenum the accumulation is
negligible. After initiation of LPCI at 80 seconds after break the mixture
levels in the core and lower plenum recovers. The recovery rate in the core is
especially large due to CCFL breakdown at the upper tie plate after 89 seconds
which is indicated by the comparison of fluid temperatures below and above the
tie plate.

There is a strong correlation between the mixture level transient and the
fuel surface temperature behavior in the core as shown in Fig.5. Between 13 and
15 seconds after break the fuel surface temperature exhibits DNB from the top
following the decrease in the mixture level height. Between 17 and 20 seconds
the fuel surface rewets at Position 5 and 4 following the increase in the
mixture level height by the lower plenum flashing. The midplane of the core
at Position 4 departs from nucleate boiling again after 35 to 48 seconds follow-
ing the decrease in the mixture level height. The final quenching of the core
occurs by LPCI from bottom to top delayed from the reflooding of the core as
much as 25 seconds•

ANALYSIS

The test results of RUN 704 were analyzed by the RELAP4J25 code assuming
the mixture level in all the volumes in the pressure vessel. RELAP4J is
revised from RELAP4-Mod 2. The discharge coefficient correlation based upon
ROSA-I experiments,

c . 0.57+
u x

where x is quality, is used for the critical discharge flow. As for the criti-
cal flow models, Zaloudek's equation, Moody's model, and sonic choke model are
used in the subcooled region, two phase flow, and the high quality flow,
respectively. The Wilson's equation is used for the bubble rise velocity cal-
culation. The numerical integration is improved for better stability. The
steady state pressure distribution can be calculated automatically in the code.

The calculated system pressure transient is in good agreement with the
experimental result as shown in Fig.3. Discharge flow from the break, main
steam line flow, steam generation in the core, recirculation outlet uncovery in
the downcomer, lower plenum flashing, and the reverse flow friction factor of
the jet pump suction play important roles in the pressure transient calculation.

The measured peak cladding temperature at Position 3 is in good agreement
with calculated results as shown in Fig.6. DNB occurs at approximately same
time, 13 seconds after break. However, the axial distribution of fuel surface
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temperature is not in good agreement with experimental results. The calculated
axial distribution of fuel surface temperature is symmetric about the midplane
of the core where the power is maximum, and the peak cladding temperature is
calculated at the midplane of core, Position 4, exhibiting the largest discrepan-
cy from experimental results. Whereas, the experimental results show better
core cooling below the midplane of the core due to accumulation of water at
lower portion of the core. Consideration of CCFL at the tie plates and improve-
ment of heat transfer correlations after dryout will become necessary to
predict the fuel surface temperature more accurately.

CONCLUSION

It is confirmed from the experimental results of RUN 704 and other runs
that the ROSA-III test facility can simulate major aspects of a BWR LOCA
qualitatively and the facility is useful as the rig for producing the integral
experimental data of a BWR LOCA to assess the computer codes for the analysis
of BWR LOCAs.

The calculated system pressure agreed well with the experimental result,
however, the fuel rod surface temperature was not in good agreement with the
experimental result. Improvement in the calculation model for the two phase
flow and better heat transfer correlations are necessary for accurate calcula-
tion of fuel rod surface temperature during a BWR-LOCA experiment.
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TABLE I

Primary Characteristics of BWR-6 and ROSA-III

No. of Recirc. Loops

No. of Jet Pumps

No. of Separators

No. of Fuel Assemblies

Active Fuel Length (m)

Total Coolant Volume (m3)

Power (MW)

Pressure (MPa)

Core Flow (kg/s)

Recircuiation Flow (1/s)

Feedwater Flow (kg/s)

Feedwater Temp (K)

BWR-6

2

24

251

848

3.76

623

3800

7.23

1.39xlO4

2970

2060

489

ROSA-III

2

4

1

4

1.88

1.37

4.24

7.23

32.8

7.01

4.86

489

BWR/ROSA

1

6

251

212

- 2

455

896

1

424

424

424

1
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ABSTRACT

The Nuclear Safety Analysis Center (NSAC)
at EPRI is conducting a program to review nuc-
lear plant event data for the purpose of identi-
fying and analyzing those events vhich are con-
sidered significant from a nuclear safety and/or
economic standpoint. The program will interface
with and supplement event review programs being
conducted by each nuclear utility on events which
occur in its plants and similar plants. The pro-
cess of reviewing and evaluating nuclear plant
events was intensively reviewed, debated, and
tested in a pilot study conducted in early 1980.
The pilot study resulted in a well defined ap-
proach to event screening and evaluation and
identified several plant events and problem areas
that are undergoing further review by NSAC.

INTRODUCTION

Since the early days of power plant operation, utilities
and manufacturers have attempted to share what has been learn-
ed from plant operating experience. The benefits of this
exchange have been higher levels of plant availability and
improved plant safety. As power plant technology becomes
more complex and more demanding, the need for sharing operat-
ing experience continues to grow and become more important.
The financial and safety benefits of avoiding problems that
have already been encountered and resolved dwarfs the costs
and extra effort required for utilities to keep each other
informed.

There are significant gains to be made in such areas as
the consolidation and improvement of plant experience data
files, the systematic analysis of plant events, and the rapid
communication of lessons learned tr che power plants. The
accident which occurred at the Three Mile Island Nuclear Plant
on March 28, 1979, demonstrated that a more structured system
is needed to assure a cumulative nuclear plant learning process.

A short time after that accident the Nuclear Safety Analysis
Center (NCAC), with the support of its utility advisory group,
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began developing a program to improve the means by which
the benefits of shared nuclear plant experience are at-
tained. This program has been named the "Significant Event
Evaluation and Information Network" (SEE-IN). It is a net-
work in the sense that it involves NSAC, the Institute of
Nuclear Power Operations (INPO), the nuclear utilities, the
nuclear steam supply system vendors, and others.

The objective of SEE-IN is to provide a high degree
of assurance that the cumulative learning process from
operating experience works well, and that the lessons
learned are implemented in a timely manner to improve both
plant safety and availability. This objective will be met
by systematically screening all available nuclear plant
event information, identifying and evaluating the important
or significant events and communicating the results to the
utilities and other key organizations. SEE-IN will be devot-
ed specifically to nuclear safety issues and issues involving
large financial risk to the utilities.

SEE-IN SCOPE

The functional approach to SEE-IN is an eight-step pro-
cess outlined in Table I. No single organization will be
responsible for performing all of these functions; rather,
the responsibility will be spread among all the key partici-
pants in the network.

TABLE I

SEE-IN FUNCTIONS

I. Provide Basic Report of Plant Event, (Utilities)

II. Screen Event Reports for Significant Events. (NSAC
and Utilities with Vendor, Contractor and INPO input).

III. Provide backup data on contributing factors and pro-
bable causes and consequences. (Utilities and tech-
nical support contractors).

IV. Perform action analysis on significant events to
evaluate possible options for short-term remedies
and feasible remedies which might be implemented
long-term. (NSAC, INPO, Utilities and Vendors).

V. Disseminate information to interested utilities
together with alerting of potential implications.
(NSAC and INPO).

VI. Evaluate decision to implement and obtain and deploy
resources required. (Utilities and NRC).

VII. Feed back and evaluate implementation actions*
(Utilities—review by NSAC and INPO).

VIII. Periodically evaluate the effectiveness of the
process including Steps I - VII. (INPO).
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The principal organizations involved in the initial or
coarse screening of plant event data will be the utilities
and NSAC. Each nuclear utility will have an in-house program
to screen events which occur in its nuclear plants and in
other utilities' plants of a similar type. This is now a
requirement by the Nuclear Regulatory Commission (NRC). NSAC
has a broader charter to screen all nuclear plant events. It
will be essential for these two groups (i.e., the utilities
and NSAC) to interface and supplement each other in the screen-
ing process if maximum efficiency is to be realized.

The primary data which will be used as input to the screen-
ing process are Licensee Event Reports (LERs) and monthly out-
age reports. Both of these report types are submitted in
accordance with NRC requirements. There are several other
sources of operating experience data which can be used as
required. In some cases the event reports submitted by
the utilities do not contain enough information to make
a decision on an event's significance. In such cases, it
will be necessary for the screening organization to contact
the cognizant utility for supplemental information. The
mechanisms for accessing such supplemental information are
a key part of the SEE-IN framework.

Once a significant event has been identified from the
screening process it will undergo an action analysis. The
purpose of the action analysis is to investigate the event
in some detail and develop and evaluate practical remedies.
It may be discovered that no further action is required
or that it is only necessary to make certain organizations
aware of the event.

For those events requiring further action, the results
of the action analysis will be communicated to the utilities
and other key organizations. In some instances, recommenda-
tions will be made for mitigating the underlying problems.
The recommendations will be made for consideration purposes
only and it will be up to the individual utilities to assess
the applicability and need for their plants. The process
is similar whether the recommendation originates in-house
or from an outside source such as NSAC or INPO.

The implementation of recommended remedial actions
will be the responsibility of the utility. Implementation
may include changes to plant procedures, equipment design
changes, and/or changes to operator training programs.

The final steps in the SEE-IN process are feedback
and evaluation of actions taken as a result of information
provided from the action analysis and periodic assessment
of the process effectiveness by INPO. It is important to
understand the usefulness of a proposed remedy and the
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effect of Its implementation on nuclear safety and oper-
ation costs. Each utility will be requested to provide
such feedback on its disposition of recoaaendations pro-
vided by NSAC or INPO.

DATA INPUT

Both NSAC and INPO will need to review plant operating
experience data to fulfill their respective roles, but each
will have different requirements and concerns relating to
the data. INPO will orient its use of the data toward such
areas as plant procedures, human factors and personnel
training while NSAC will concentrate on hardware and process
related problems.

Current LERs and outage reports will be mailed directly
to NSAC by participating utilities at the same time they
are mailed to NRC. This allows the screening process to
be reasonably timely by avoiding the long delays associated
with NRC processing and dissemination through its public
document room.

NSAC will maintain the complete historical file of
LER abstracts on its in-house computer (Zytron). INPO
and the screening contractors will have on-line access
to this file. The Nuclear Plant Reliability Data System
(NPRDS) will be accessible to NSAC, INPO and the screening
contractors through a commercial data management system
called NOMAD. Other miscellaneous industry information
sources such as reports, letters, etc. related to nuclear
plants are maintained by NSAC on microfilm and the index
is available on Zytron for document searches.

Beyond the above formal information sources, another
information source of vital necessity is direct contact
with power plant technical personnel on an ad hoc basis.
To facilitate such contact, NSAC has Implemented a utility
contact system. NSAC Coordinators have been designated
by their parent utilities as advisors and primary contacts
for the overall NSAC program. In the absence of a parti-
cular designed SEE-IN contact, the NSAC Coordinator will
be used.

Plant Technical Contacts will be the primary source
of supplemental technical information on a particular
plant event. Names, addresses, and telephone numbers for
the technical contacts will be maintained on NOTEPAD (a
computerized message exchange system) to facilitate use
by NSAC, INPO, and the screening contractors. One tech-
nical contact will be designated for each nuclear plant.
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Technical Recipient* have been designated by their
utilities to receive significant event reports that have
been prepared by NSAC and IMPO. Executive Recipients are
vice-president level personnel who have been designated
to receive significant event report summaries in parallel
with the Technical Recipients.

COARSE SCREENING

The objective of the coarse screening process is to
identify those plant events which are most likely to justify
further action on the part of the utilities to upgrade
nuclear safety or reduce financial risk. The coarse
screening will not encompass the analysis necessary to
determine recommended actions. Events which become candi-
dates for action analysis (i.e., products of the coarse
screening) will be termed "significant".

The event screening sheet shown in Table II contains
the criteria for judging the significance of a particular
plant event. The criteria are designed to identify the
characteristics of an event, e.g., multiple failures, common
cause failures, etc., which make it a candidate for action
analysis, i.e., make it significant.

Three categories of criteria are shown on the screening
sheet—significant, conditionally significant and not sig-
nificant. Events which fall into the signficant category
will automatically undergo action analysis. Events which
fall into the conditionally significant category will
require some further assessment by the reviewer to deter-
mine if they are significant. Examples include assessment
of the repetitiveness or the genericness of an event. Events
which do not fall into the first two categories but do fall
into the third category (the sequence is important here)
are considered as not being significant. This "yes, maybe,
no" approach serves to Isolate the readily recognized
extremes that clearly warrant some types of action, or
that can instead be pursued no further and returned to
the data base. It also serves to structure or classify
the "maybes" by associating with each such event the
conditional criterion that caused it to be retained and
which thus identifies the issue that remains to be resolved
in deciding the significance of the event.

The reviewer who makes use of the event screening
sheet is expected to be an experienced technical person
who is familiar with plant equipment and who can recognize
unusual circumstances of an event that nay warrant detailed
evaluation or that may be of urgent interest to other
operating plants. The screening sheet cannot replace
engineering judgement or special insights by a knowledge-
able reviewer. It can, however, serve to organize the
reviewer's thoughts and provide a consistent standard
against which to measure events.
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TABLE I I

LKR

UNIT

LKR MO.

RETORT DATE

mm KKURIOII

SIGNIFICANT COHDITIONALU SIOIUnCANT HOT ilCNiriCANT

Two or aore components in
' redundant system* fail
during the same event.

Three or more apparently
" unrelated failures occur
during the same event.

Two or more failures in an
' event which derive from a
common cause.

A transient proceeds in a
' way significantly different
from what would be expected.

Operating conditions or
' transients not enveloped
by the plant design bases.

Design or manufacturing
' deficiencies.

Failures in components that
' could easily escape detection
by testing or examination
until the component is
called upon.

Administrative, procedural
* or operational errors
resulting Zrca a fundamental
misunderstanding of plant
perforaance or safety
requirements.

A transient which could
* have been a greater threat
to plant safety with differ-
ent plant conditions, the
advent of another credible
occurrence, ox a different
progression of occurrences.

Other (explain)

Two apparently unrelated fail-
' ore* occur during the same

Recurring or possibly generic
' rnamniieiit failures.

Important problem but unique
' to en* plant.

Problem results In offsite
' radiation release or
personnel exposure.

Problem results In a long
' outage or major equipsent
damage.

Event involves an ESP actuation

Other (Explain)

Single, random failure in a
redundant system.

Non-critical degradations of
boundaries (packing leaks,
seal leaks, tube leaks, etc.)

Personnel errors and procedural
deficiencies not resulting
from a fundamental misunder-
standing.

Saismie deficiencies (pipe
hangers, snubbers)

Components operate out of
specification (set point
drift, out of tolerance,
minor performance degradations)

Non-radiological environmental
occurrences.

Other (explain)

rOXTHER AUESSM3R

PKRPORM ACTION
AMA&XKS

-Do the two failure* have a
amman causa?

-Is the occurrence or failure rat*
unusually high?

. -Doe* the unique problem havt oevere
A"' ' I safety consequences?
<rts I
X~T*la the emooat of radiation uunaa-*

ally high or did it occur under
unusual circumstance*?

-is It a non-refueli>g outage loafer
than 10 days?

RBCOmP AND S1ONI

-Are there aay
iavolvea witi

unusual circuastaaoee
the ESP actaatioa?

lnla)
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The first step in the coarse screening process is to
read the event report and compare it against the criteria
on the event screening sheet. The significance of an event
cannot always be inferred directly from the event report;
even relatively straight-forward events sometimes allude
to important but obscure safety implications. Contact
with the utility, the reactor supplier or the architect
engineer, and/or thorough review of available design in-
formation, may reveal a far more complex situation than
is indicated by the event report. It will often be
obvious that supplmental information is required, in other
cases, it may be a matter of the reviewer's intuition.
The primary sources of supplementary data are identified
in the previous section.

In most cases the event report will contain enough
information for the reviewer to put it in one of the three
categories on the sheet. For those events that end up in
the Conditionally Significant column, the reviewer will
have to continue to assess the event until conditions
have been met for transferring it to either the Significant
or Not Significant column. The events designated "signifi-
cant" will be passed on to the action analysis stage and
the "not significant" events will be filed with comment.

A generous amount of overlap is built into the coarse
screening process. This is to minimize the number of
important events that are missed during the early, learning
stage of SEE-IN and to promote a greater infusion of new
ideas to speed up the learning process.

All significant events identified in the coarse
screening will be communicated to NSAC and to INPO. NSAC
and INPO will coordinate the subsequent action analysis
described in the next section. It is expected that approxi-
mately five percent of all plant events will turn out to
be significant—approximately 175 per year.

ACTION ANALYSIS

The action analysis is distinct from the screening
process and represents a much more in-depth evaluation.
The input to the analysis is the significant events identi-
fied in the coarse screening along with any other informa-
tion fundamental to their understanding obtained by the
reviewer. The output is a clear description of the event
or underlying problem, reasons why it is considered an
action item, and most important, what actions should be
considered by the power plants as a result of the event.
Of the estimated 5% of plant events which reach the action
analysis state, it is expected that only about 25% will
actually require some type of further action by the utili-
ties. If action is required, it may range from simply
ensuring that the plant is aware of the problem and its
implications to instituting equipment design or procedural
changes.
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The actual action analysis may take any form neces-
sary to arrive at the above output. Event tree and fault
tree analysis can be used to assess the event's accident
causing potential. Methods for developing and analyzing
event trees and fault trees are generally well developed.
Base models for Surry 1 and Peach Bottom 2 were developed
in WASH-1400. Several other programs are underway in
organizations such as the NRC, NSAC, NSSS vendors, and
the utilities to develop improved models. This event
evaluation program will provide many opportunities to
develop more models to fill in the gaps which exist. Over-
all these models provide insights valuable in improving
our perception of plant and system behavior and in making
judgements on corrective actions.

In many cases, an event will not warrant further
action in and of itself. Trending analysis can be used
to recognize patterns of recurrence among events which
make the event-type or underlying problem an action item.
The historical event files described under Data Input
above will be necessary for trending analysis and the per-
spectives on event recurrence that the reviewer gains after
screening a number of events will be an indicator of the
need to perform such trending.

A part of the action analysis will entail investigating
other work in progress or planned (e.g., by EPRI, NRC,
vendors, etc.) concerning the event under consideration.
If the work is considered adequate, no further action on
the event may be necessary; otherwise, supplemental action
may be recommended. Other efforts which may be necessary
for the action analysis include plant visits and/or litera-
ture reviews to gain a deeper understanding of a particular
event.

RESULTS DISSEMINATION AND FOLLOW-UP

The results of the action analyses and field investi-
gations will be forwarded to designated utility contacts
as described in the above section on the Utility Contact
System. Event information that requires rapid dissemina-
tion will be telephoned or telegrammed to the appropriate
contacts. Other analysis rssults will be mailed. The
results will also be posted on NOTEPAD.

Each utility will be expected to assess the applica-
bility of the analysis results to its units and inform
NSAC of what actions it intends to take as a result of
the information provided. This procedure will provide
valuable feedback to NSAC and INPO on the applicability
of various problems to certain plants and will allow the
information to be made available to other plants that are
confronting the same problems.
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ABSTRACT

Operating experience of U.S. commercial nuclear power plants
has shown that routine maintenance, test ing, and inspection ac t iv -
t ies play a s ign i f icant role in the i r operational safety, r e l i a b i l -
i t y , and ava i l ab i l i t y . Licensee Event Reports (LER's) fo r 23
nuclear power plants in commercial operation from 1972 to 1978
were reviewed for the base-line data. Out of 4130 reported events,
385 were traceable to maintainance and test ing a c t i v i t i e s . Cate-
gories of actions which are most highly associated with part icular
component fa i lures were ident i f ied through an analysis of cross-
c lass i f ied frequency tables. Inconsistencies in the pattern of
association across the various systems and reactor types were inves-
t igated.

INTRODUCTION

Operating experience of U.S. commercial nuclear power plants has shown
that routine maintenance, tes t ing, and inspection ac t i v i t i es play a s ign i f i cant
role in the i r operational safety, r e l i a b i l i t y , and ava i l ab i l i t y . Several
forced outages and events resul t ing in unscheduled radioactive releases have
been at t r ibuted to maintenance and test ing (MAT) a c t i v i t i e s . [ 1 ]

The impact of maintenance and testing upon the safety of LWR power plants
requires that specif ic types^ of M&T problems and generic causes be ident i f ied
so that solutions can be proposed to mit igate recurrent problems. Such prob-
lem iden t i f i ca t ion involves a s ta t i s t i ca l analysis of reportable events due to
M&T a c t i v i t i e s . These events were extracted from various sources reporting
safety-related and operation-related nuclear power plant experience.
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DATA COLLECTION

The field data on M&T errors were primarily extracted from NRC Licensee
Event Reports (LER1;;) supplemented by details found in letters from the licen-
sees to the NRC. Using an LWR Maintenance and Testing Classification (LWR-MTC)
scheme developed previously, [2.] information related to M&T events was classi-
fied independently by a panel of four investigators. The results were then
compared to assure completeness, consistency, and relevance, as well as to re-
solve differences in interpretation. [3] A sample of the line summary showing
the classification system is shown in Table I.

DATA CLUSTERING

The review of LER's shows that the number of M&T problems amounted to 9.3%
of the reported events for 23 nuclear plants in commercial operation from 1972
to 1978. From the survey of 4130 events extracted from LER's during the per-
iod from the date of commercial operation to 1978, only 385 were traceable to
maintenance and testing.

Table I. Sample of Line Summary
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To draw conclusions on the generic nature or importance of an M&T failure
mode, the specific modes were clustered into seven major categories as shown
on Table II.

Table II. Cluster of Categories of Action
Mode Category Example

I Acts of omission during or after the comple- Valve left closed;
tion of maintenance and tests. Switch was not tested

II Acts of omission resulting in improper main- Improper charging of
tenance or improper operations during test- pumps
ing.

Ill Improper preventive maintenance activities. Inadequate lubrication
on valve seals

IV Inadvertance or carelessness during mainte- Inadvertant actuation
nance and testing. of a switch

V M&T personnel oversight or inadequacies. Procedure violation

VI Administrative or procedural deficiencies Procedure inadequacy

VII Miscellaneous Communication problems

STATISTICAL ANALYSIS OF M&T EVENTS

The M&T events were cross-classified for statistical analysis by the fol-
lowing four factors: (i) reactor type (e.g., PWR and BWR); (ii) category of
action resulting in a reportable incident (7 categories); (iii) reactor system
(11 categories); (iv) mechanical or electrical component involved (up to 54
types).

The major objective of this analysis was to determine the components and
systems which experience the highest failure rate; and to identify the cate-
gories of action that are highly associated with particular component failures
in specific systems. This objective required the construction of cross-
classified tables of frequencies. Log-linear models were fitted to the tables
to assess the strength of various associations among the variables. Large
deviations from these models were used to indicate specific associations.

This analysis could be achieved by using recent editions of commercially
available computer packages such as the Statistical Analysis System (SAS) or
the Biomedical Data Program (BMDP). For the analysis here, an interactive pro-
gram package was used on the VAX computer system. [4]

The relative frequencies of the reactor systems [5] with their associated
component failures attributed to the various categories of action are graphi-
cally presented on histograms in Figures 1 and 2. The most frequent events
are denoted by the largest boxes. Additional numerical summaries are shown on
Tables III and IV.
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Table III. Relative Frequency of M&T Mode Categories for each Reactor Type

Category Number of
Events

PWR BWR

Percentage Number of
Events Percentage

I

II

III

IV

V

VI

VII

Total Reactor Years
of Operation

47

58

38

7

4

8

6

168

28.0

34.5

22.6

4.2

2.4

4.8

3.6

31.96

73

68

45

11

13

4

3

217

33.6

31.3

20.7

5.1

6.0

1.8

1.4

35.04

Table IV. Components Specifically Involved in the Systems [5] of the Reactor
Type During M&T Events

System

AEPS

RPS

ECCIS

MRCS

CSRS

OCS
ASNO

WPS
SNS

IMS

U

PWR

Component

Motor, relay

Valve

Valve

Valve

Valve
Valve

Breaker

Line

Switch

Radiation Monitor

Event

Frequency

5

4

11
2

4

13

4

1

3
4
2

BWR

Component

Switch

Valve

Switch

Valve

Switch, Valve

Valve

Switch

Line

Blower/Fan

Radition Monitor

Film Badge/Dosimeter

Frequency

4

6

21

5

2

15
3

1
2

11

2
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Table III shows there is very l i t t l e difference between the two reactor
types with respect to the distribution of reportable incidents resulting from
the various categories of action. Table IV shows the components most fre-
quently involved in reported events to be valves and switches.

For generic causes of action to be identified, the system and component
categories were combined into a simple system-component factor with 133 cate-
gories where at least one event was observed. For each reactor type, the ob-
served events were cross-classified by cause of action and system-component
categories in a 7 x 133 table. If the distribution of incidents for the cate-
gory of action is the same for every system-component category, the underlying
proportions for the two-dimensional table will satisfy the independence model
given by

P i j = Pi+ P+j, * = !• 2 7 and j = 1, 2, . . . , 133

where P^j is the true probability of an incident involving the ith category
of action and the jth system-component category. The parameters are given by

133 7

Where P. is the probability of an incident involving the ith category of
action,1 and p+j is the probability of an incident involving the jth system-
component category. This model can be written in log-linear form [6] as:

log [Pu) = u + u 1 ( i ) + u 2 ( j )

where i u , , . , = r „ _ n

i *(O j U2(i) - ° •

For the 7 x 133 table, the generic categories of action were identified
by large deviations of observed frequencies from those predicted by the model
Large deviations were determined to be large values of the Freeman-Tukey
(F-T) deviates defined by:

r
where x-- represents the observed frequency,

. +

i j x
++ represents the estimated average frequency for the

(i,j) cell and x + + represents the total number of events.
A lar^a positive value for the F-T deviate indicated that a category of

action is highly associated with its particular system-component category.
The particular components generically associated with the categories of action
in maintenance and testing activities are summarized in Table V for BWR's.
Categories IV, VI, and VII were analyzed to be nongeneric. No large residuals
were observed for PWR's.
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Table V. Generic Association Between Components and Categories of Action

Category BWR

I Valves in RPS
(obs. = 6, exp. = 2.0,
F-T = 2.1)

II Switches in ECCIS
(obs. = 13, exp. = 6.6,
F-T = 2.1)

III Valves in OCS
(obs. = 7, exp. = 3.1,
F-T = 1.8)

Breakers in OCS
(obs. = 3, exp. = 0.24,
F-T = 2.3)

V Control Rods in RPS
(obs. = 3, exp. = 0.24,
F-T = 2.3)

CONCLUSION

The F-T deviates were utilized in this analysis because the F-T transfor-
mation is a variance stabilizing transformation and they appear to perform well
for the model fit to sparse frequency tables. They could be compared to the
percentiles of the standard normal distribution. For the sparse table con-
sidered here, they tend to be closer to zero than standard normal random vari-
ables.

The analysis of the sparse contingency table considered here identified
the categories of action that are highly associated with particular components
generically involved in the reactor systems during M&T, and acts like a clus-
tering procedure to identify combinations of incident categories with signifi-
cant association or interactions. Hence, significant hardware failures assoc-
iated with maintenance and testing activities in nuclear power facilities are
recognized.
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ABSTRACT

A statistical analysis of the numbers of licensee event
reports (LERs) from US comnercial nuclear power stations for
the period 1976 through 1978 revealed that it is possible to
distinguish significant differences in nuclear unit LER totals
from those expected due to chance. The reasons for variations
in LER totals are explored, including safety-related
deficiencies, nonsafety related differences, and random
occurrence. An approach baseo on "order statistics" is
developed for identifying significant deviations. Results
indicate that variations due to random occurrence usually
dominate other causes, except for the few cases in which
significant differences are noted. While the latter do not
necessarily imply safety-related problems, they do identify
areas for possible further investigations.

INTRODUCTION

Approximately 8 700 licensee event reports (LERs) were submitted by the
licensees of US commercial nuclear power plants from 1976 through 1978. For
several reasons, the number of LERs varies from unit to unit. These
variations are important because they are often viewed by government agencies
and the public as indications of relative safety. While such variations may
be indicative of actual differences in safety among nuclear power units, there
may be other explanations. It is therefore important to understand all
possible explanations and their contributions to variations in the numbers of
LERs from unit to unit.

Certain differences in the frequency of submission of LERs from unit to
unit will occur as a result of the apparently random nature of the events
being reported. Because of this "randomness,11 it is probable that variations
will occur in the reporting rate for LERs, even among identical nuclear power
plant facilities with identical component failure probabilities. In reality,
however, variations beyond those resulting from "randomness," or chance,
frequently will be observed. Several factors support this.

(1.) Technical specifications and license provisions vary among nuclear
power plant facilities because of differences in reactor suppliers,
architect/engineers, constructors, and design changes over the years. These
variations cause differences in the reporting requirements among facilities.
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(2.) At some facilities events m y be reported more readily than at
others in margfnal cases. This consideration pertains to events other than
obvious "reportable occurrences" (ROs), which all licensees must report. This
tendency can also change with time.

(3.) The occurrence of an event may affect the probability of futjre
events. Repair of a facility component or improvement of a deficient
procedure may reduce significantly the likelihood of an associated event.
However, ineffective corrective action following an event may result in its
repeated occurrence.

(4.) The mode of operation (e.g., on-line or shutdown) affects the
frequency of various kinds of inspections and the susceptibility of systems to
random failures. The amount of reactor down-time, for example, may affect the
frequency with which LERs are submitted.

(5.) Misinterpretations by licensee or NRC personnel involved in the
preparation, submission, and processing of LERs can affect relative reporting
frequencies among reactor systems.

(6.) At some multiunit power stations (for example, Oconee and Browns
Ferry), events involving plant systems or components common to all units, such
as swing diesels and electrical switchyards, are filed in the NRC data bank
under the docket number of the first unit.

(7.) The existence of safety-related deficiencies at an individual
facility should result in more frequent submission of LERs. Differences in
the number of LERs from this cause may be a measure of relative safety.

Although the above factors affect the frequency with which LERs are
reported, their effects are often relatively small. Frequently, the
variations produced by these effects are too small to be distinguished from
those occurring on a random basis. For example, the Point Beach Nuclear
Station in 1976 had 11 reportable-occurrence LERs for Unit 1 and 16 for Unit
2. Does this necessarily indicate that one or a combination of the causes
listed above produced this difference, or is it possible that a deviation of
this magnitude could have been expected if both units had the same average
probability of occurrence of reportable events. Statistical analysis
indicates that LER totals of 11 and 16 in one year are both consistent with
average occurrence rates in the range of one per 20 days to one per 37 days
(10-18 per year). In fact, the pair of numbers, 11 and 16, is the most
probable one-year outcome for two units with an average rate of one per 27
days (13.5 per year). In 1978, the Zion Nuclear Station had 85
reportable-occurrence LERs for Unit 1 and 39 for Unit 2. In this case, the
deviation in the number of LERs between the two units is too large to be
attributed solely to random effects. If randomness alone were involved, Unit
1 probably could not have had a reporting rate less than one per 5.2 days (70
par year), while Unit 2 probably could not have had a rate greater than one
per 7.2 days (51 per year). In fact, if both Zion units had identical
probabilities of reportable events, there is less than one chance in one
million that a deviation this large could occur by chance.

Naturally, there are differences between the Point Beach units. Unit 1
is two years older than Unit 2; during 1976, Unit 2 produced 11 per cent more
electrical energy than Unit 1. This example indicates that differences may
not be significant in the rates of LER submission between the two units. At
Zion, however, reports from the two units at significantly different rates
should be for reasons other than randomness.
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APPROACH

The approach described here was developed for use In a review of LERs by
the Advisory Committee on Reactor Safeguards.* The data to be used vre
presented In Table I and results are shown in Figs. 2-9. These pertain to
?-week reportable occurrences for selected systems in the 29 pressurized water
reactors (PURs) in commercial operation since before 1976.

The matrix in Table ) includes the total numbers of LERs reported for
the 29 reactors for specific systems. These are based on the coded data from
the m e data bank in Bethesda. The numbers in the matrix are 3 year totals.
Three columns of yearly totals are also included. The matrix is the source of
information used to develop the plots in Figs. 2-9. Underlined numbers in the
matrix *re statistically significant deviations.

The purpose of the plots is to find the significant deviations. In all
plots, the x-axis is the reactor number 1 through 29 where the reactor with
the lowest LER total is number 1 and so on. The y-axis is the number of LERs
of the type specified and for the time interval specified. The circles
represent the number of LERs for the individual reactors. For example, the
matrix shows Kewanee with 7 LERs in instrumentation systems. Since this is
more than any of the other 28 reactors, Kewanee is reactor number 29 for Fig.
2. The circle above position 29 on the plot represents 7 LERs.

The lines in the plots designate a 90 per cent confidence band. That
is, if the assumption of randomness is reasonable, roughly 90 per cent of the
circles should lie on or between the lines. To draw the lines, one need only
know the assumed average number of LERs (lambda) and the total number of
reactors being compared. This information can be determined from the matrix.
"The average number of LERs can be determined by summing a column and dividing
by the number of reactors.

The method for calculating the 90 per cent confidence band is based on
"nonparametric statistics." Specifically, this involves the use of "order
statistics"* and the Poisson distribution. Order statistics enables one to
predict the percentile of the sampling distribution (in this case Poisson)
represented by the kth highest of n samples of the distribution. For example,
the largest of 29 samples of a random distribution will on the average
represent the 97.64 percentile of the distribution. However, 95 per cent of
the time it will represent the 90.22 percentile or great§r, and 95 per cent of
the time it will represent the 99.82 percentile or less.-* Hence, there is a
90 per cent chance that it will represent a percentile in the band 90.22 to
99.82. This is the 90 per cent confidence band for the largest of 29
samples. In general, the limits of the confidence band for any of the n
samples can be calculated by

'JL
which is equivalent to
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JLL - P. (2)

•here X - 0.05 for the 5 percentile, or 0.95 for the 95 percent11e (i.e., the
titro Units of the confidence band), n • niMber of samples, p. - percent fie *
100, and k • 1 for the lowest of n samples, 2 for the next higher, and so on
up to n. Equation (2) Is Included because It is easier to calculate than the
Integral in Eq. (1). These are trancendentai equations because X is known and
p x Is the unknown. Iterative trail-and-error solution techniques »rt
sufficient and are easily programmed for computer applications. Programmable
Calculators tre adequate for computing purposes, but the solution of px for
x-0.05 and x-0.95 for each k from 1 to n can be tedious.

Once the percentiles of the 90 per ctnt confidence band are found, each
•ust be matched with the percentiles of tlit sampling distribution, in this
case, the Poisson distribution with parameter lambda. The numbers associated
with the percentiles are then plotted and connected with solid lines to give
the 90 per cent confidence band. This can be done using cumulative Poisson
probability tables from statistics books, or using a computer or calculator.
To get the numbers, choose the lowest number In the Poisson distribution whose
percentile equals or exceeds 90. This can be expressed mathematically as

m-1

&

- •

x e
1!

< P,
m4 5 (3)

where m must be found to satisfy the Inequalities for the specified
pt-centile, 100 p x. Mote that the term in brackets is identically the
probability that the Poisson random number will equal t 1f the Poisson
parameter Is lambda.

The resulting confidence bands have definite characteristics as
Indicated 1n the figure below. In the center of the plot, the lines have
their smallest slope and are closest together. At the ends, the lines have
their steepest slope. The distance c is wider than b, because the lower line
(5 percentile) usually runs Into zero. The lines are almost axisymmetric

15

10-1
x

5 -

0 +

95 percentile line

, , j
0 200 10 20 30

Fig. 1 . Characteristics of confidence bands.
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around the dashed line, y • lambda. For snail lambda values (e.g., less than
4), the lines run into the y-0 line.

RESULTS

Plots »rt enclosed for Instrumentation Systems, Auxiliary Process
Systems, Steam Systems, Auxiliary Water Systems, Engineered Safety Features,
and 1977 totals for PURs. These are in Figs. 2-9. It can be seen that there
are no significant deviations in Figs. 2-5, and 9. In Fig. 6 (reactor
systems), the 17 LERs at Palisades is a significant deviation from the other
28 PWRs. In Fig. 7, the 19 LERs from Palisades as obviously a deviation from
the other 28 PWRs and was not even included In the plot of the 90 per cent
confidence band. In Fig. 8, there are ntny deviations. Other values of
lambda can be tried, but none can be found to fit the date. One way to handle
this is to subdivide the x-axis. In this case, a vertical dashed line
separates the 20 reactors on the left from those on the right. The dashed
lines on the left half of the plot represent the 90 per cent confidence band
for 20 reactors with a x of 4.5, while those on the right represent the band
for 9 reactors with a x of 12. This suggest that there may be two groups of
reactors one reporting almost 3 times more LERs than the other in 1977. At
least, the data is not inconsistent with that assumption. There is, however,
another way to look at it, as shown In Fig. 10. This is included here to
demonstrate that one needs to be very careful when subdividing plots. The
matrix shows 6 LERs for Maine Yankee during 1976, 1977, and 1978. The annual
total from Maine Yankee was low in each year. If it were indistinguishable
from other plants, it is extremely unlikely that it would be consistently so
low in LER numbers. Thus, Maine Yankee probably does not belong to the
group. This leaves 28. The plot is not Included here, but Fig. 6 was
repeated for the other.28 reactors with a lambda of 6. Rancho Seco and
Palisades were the only deviations. Figure 10 is the result of repeating the
calculations for 26 reactors - excluding Maine Yankee, Rancho Seco, and
Palisades. No deviations are noted from a lambda of 6, other than those three
PWRs.

This example of the 1977 total LERs shows that with limited data, any
number of randomness assumptions can be supported. In this case, there is no
apparent connection among the 9 PWRs in Fig. 8 such as same utility, same age,
same version, or same architect/engineer. There is no reason for the
subdivision, so it is likely Improper. The assumptions that led to Fig. 9
are probrMy more valid.

CONCLUSIONS

Few deviations in LER totals are statistically significant. Most are
the result of chance variations due to the random nature of the occurrence of
events. Because of the relatively large deviations expected solely on the
basis of chance variations, the contributions of other causes are usually
Imperceptible.

The deviations which were found to be significant are not necessarily
for safety-related reasons. Further investigation of these cases nay be
desirable to determine the true implications.
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ABSTRACT

This paper reports the results of a scoping study to identify
the impacts of maintenance and testing (M&T) upon the safety of LWR
power plants. Data was collected on events which occurred during
or were caused by the performance of M&T tasks, and it was collated
in a manner which allowed for identification of principal types of
M&T problems and their root causes and remedies for these problems.
Indirect root causes of M&T problems were also examined.

A representative sample of PWR's and BWR's was selected and
information was retrieved for those plants. A classification scheme
was developed and used to quantify the information in a form effec-
tive for the analysis.

Classification of M&T problems by system showed that most errors
are not system particular, but are of the type found to be common in
many industries. Most of the generic M&T problems involved errors
of omission or commission, actions taken out of sequence, improper
timing and lack of coordination. To mitigate the most frequent
generic M&T problems, it is necessary to design the plant layout
taking into account human factors. The impact of administrative pro-
cedures and policies on M&T problem frequencies has also been con-
sidered.

INTRODUCTION

Maintenance plays a major role in assuring plant reliability, availabil-
ity, and safety. Nevertheless, human errors during performance of maintenance
and testing (M&T) tasks could lead to undesirable and reportable events such
as improper repair or adjustment of equipment, miscalibration, unrestored
valves, inadvertent removal of equipment from service, etc. In fact, the fre-
quency of component failures is significantly affected by problems, particu-
larly human errors, which occur during the performance of M&T of LWR systems
and components. M&T problems, although they represent a small percentage of
the reported events, are significant because they pre-program further system
failures, some of which would result in safety problems. Also, M&T errors can
seriously compound, multiply, and magnify the results of operator error by
providing misinformation or no information at times when such information is
critical.
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The consequences of M&T errors could include exposure of maintenance crew
and may affect the availability of the safety systems. Also, too-frequent M&T
may lead to increased errors and to overexposure of maintenance crew, while
infrequent maintenance may increase the failure probability of hardware. An
optimal schedule may be developed, provided that a clear understanding of the
nature of man-machine interactions during the performance of M&T tasks becomes
possible. This requires quantitative evaluation of maintenance errors using
data from field experience of operating nuclear power plants.

The analysis of maintenance events could help in the implementation of
quantitative risk methods for design decisions and improvements in plant de-
sign. In addition, frequent maintenance errors may point out symptomatic
errors caused by human actions due to inadequate personnel training or improper
identification and layout of equipment. Thus, means for mitigation of safety
problems which may result from M&T actions must be sought. This requires iden-
tification of M&T errors or problems, especially those of generic nature to
devise methods for improvement of M&T task performance and procedures.

DATA SOURCES

In this study, a representative sample of 23 plants (11 PWR's and 12 BWR's)
was selected and data relevant to M&T activities has been extracted from the
data banks of the Iowa State University Nuclear Safety Research Group (NSRG)
and Science Applications, Inc., Ames (SAI/Ames). Supplementary data has been
obtained from other Occurrence Information Sources (OIS).

In comparison of various information sources, it was difficult to cross-
reference some of the events. This was due to the difference in the identifi-
cation numbers used to label each event. Also, some events reported in one
source were either omitted in other sources or were described from a different
view. Furthermore, a discrepancy has been observed between report and event
dates among the various sources. Such cross checking, however, is found to
be necessary to identify root causes of M&T problems. To accommodate for
this deficiency, interviews were conducted with nuclear utility personnel and
visitation to facilities were made. The overall effort of the data collection
activity has resulted in a complete NSRG/SAI-Ames data set for the selected
plants for a six-year period from 1972 through 1978.

COLLATION OF DATA

The data extracted from the NSRG/SAI-Ames was c lassi f ied and coded using
a specially developed LWR M&T c lass i f icat ion (LWR-MTC3) scheme. The LWR-MTC3
has been devised to assure that data coding is adequate for evaluation of M&T
error d is t r ibu t ion , appropriate for quanti f icat ion of man-machine related M&T
events, suitable for assessing the causes and consequences of each M&T event
inclusive in identi fying the time scale for each M&T task . [ l ] The data were
compiled on a tape for la ter re t r ieva l . to col late events by plant type; vendor;
s ize; A/E; system, subsystem, or component involved; type of M&T problem;
impact on components/systems/plant; and cause and consequence of M&T problems.
Line summaries are also provided giving a concise description of each event for
easy reference to assist in diagnostics of M&T problems.
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DATA ANALYSIS

A general review of the M&T events has shown that the problematic patterns
are not the result of inadequate job skills or knowledge of the M&T crew. Also3
some patterns of repeatability are evident with components and subsystems, such
as misadjustment or leaving a component before restoring it to the normal posi-
tions. However, there is no clear pattern of problems classified by system.
Most M&T problems, in fact, involve valves and switches and other types of
errors which are common in many industries. Furthermore, time stress does not
seem to be a significant cause of M&T problems. Moreover, M&T errors are mainly
omission, misadjustment, and misalignment errors. The frequent occurrence of
such M&T problems is generally attributed to absence of adequate cues to point
the exclusion of a step in a given task or incorrect completion of the task.
Actually, the M&T personnel are usually unaware of the error. This may require
making checks or tests of the component or subsystem immediately following an
M&T task. Another reason for the occurrence of some of the M&T problems is the
fact that such tasks are usually infrequent and hence M&T personnel do not get
adequate practice in sequencing the task steps. Also, poor work habits, if not
checked, may develop in performing basic tasks such as lubrication and tighten-
ing. This may be enhanced if the personnel organization is such that no speci-
fic responsibility is delegated to the person performing the task.

Most of the generic M&T problems involve errors of omission, errors of
commission, actions taken out of sequence, improper timing, and lack of coordi-
nation. The major causes of such problems are human factors, procedures, in-
adequate technical specifications and quality assurance, administration and
organization, and training.

From the examination of the data it seems that administrative procedures
and policies have an impact on M&T problem frequencies. Among the administra-
tive causes is the lack of coordination on test station, test station to con-
trol room, or shift to shift. The following are some illustrative examples:

M&T crew may use the wrong working package
Reactor operator may not be aware of testing progress or completion
Too many channels are in test
Doing repair work on the wrong equipment
Procedures do not reflect current hardware modifications
Use of out-of-spec. calibration equipment
Improper tag-out equipment
Incomplete turnover of testing status between shifts

There is also an obvious distinction in M&T error occurrences among iden-
tical plants which differ only in administrative policies. Plants having more
M&T problems are likely to have more operator errors. The financial position
of the company in charge of operating the plant, the allocation of funds for
M&T, and the availability of trained manpower seem to impact the adequacy of
performing M&T tasks. [1] Table 1 lists frequent M&T problems by error mode and
Table 2 illustrates the components most frequently involved in M&T errors.
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Table 1. Frequent M&T Problems

ERROR MODE

LEFT IN WRONG POSITION (HF)
IMPROPER REPAIR (HF)
PROCEDURAL, COORDINATION t
ADMINISTRATIVE (P)
MISADJUSTMENT (HF)

DID NOT CLEAN (P)
DID NOT CHECK/TEST (P)
MISALIGNMENT/IMPROPER SETTING (HF)
IMPROPER LUBRICATION (P)
INADVERTANCE/CARELESSNESS (HF)

NO. OF
EVENTS

49
48

45
44
38
37
24
24
19

X OF TOTAL
MIT POPULATION

12.7
12.5

11.7
11,1
9.9
9.6
6.2
6.2
4.9

Table 2. Components Most Frequently Involved
in M&T Errors

COMPONENT
INVOLVED

VALVES

SWITCHES AND RELAYS

BREAKERS

RADIATION MONITORS

MOTORS AND PUMPS

DIESEL GENERATOR

NO.
BWR

50

57

9

12

10

4

OF EVENTS

PWR

19

29

10

4

9

4

LKR

99

86

19

16

19

8

I OF

BWR

25

26

4

6

5

2

TOTAL MiT

PWR

29

17

6

2

5

2

POPULATION
LWR

26

22

5

4

5

2
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M&T PROBLEMS MITIGATION

To mitigate the most frequent generic M&T problems, it is necessary to
design the plant layout taking into account human factors. Designing a plant
with the objective of improvement of M&T task performance would require im-
provement of accessability, introduction of monitoring systems, minimization
of environmental stresses, standardization of design for given types of sub-
systems serving similar functions, and basic redesign of hardware. Also, re-
design of procedures may be necessary, such as work simplification, standard-
ization of M&T operations and procedures, and providing operability technical
specifications for non-safety related equipments whose failure could cause
challenges to safety equipment.

In the case of existing plants, improvement on M&T tasks can be achieved
by providing adequate trained manpower, optimal M&T finance, interactive fault
detection and check systems, and by adequate job and procedure design.

RECOMMENDATIONS

The results of the data analysis and interviews with utility personnel
have shown the need for a comprehensive program to improve M&T task perfor-
mance to assure safe operation of LWR power plants and to enhance their avail-
ability. Such a program may be categorized into three parts; namely,

1. Human Factors: Human factors studies encompass the evaluation of the
layout design of operating plants to identify problematic areas which may
affect the performance of M&T tasks. Such studies would require field eval-
uation of some representative plants, identification of areas of possible
changes, provide redesign procedures for new plants and conduct a cost/benefit
analysis of suggested changes.

The program would include prioritizing the types of M&T problems by con-
sidering both frequency and a weighted severity index, the latter being based
on LWR plant safety. Priorities in conducting studies on specific subsystems
or components can be established based on the ranked values of combined fre-
quency and severity. Based on these priorities, selected plants can be visited
to examine M&T operations through on the job studies, surveys, and interviews
with maintenance and testing workers, management, and possibly others such as
technicians and controllers. To be studied at the plants are (a) Job Perfor-
mance - a study of maintenance and testing workers on the job and an assessment
of the need for job performance aids, human factors in work design, work sim-
plification, coded control positions, tools, and work methods; and (b) environ-
mental stresses, including: heat stress, knowledge of exposure to radiation,
cramped workspace, heights, physical effort—biomechanical stress, time «;hed-
ules, and noise stresses.

Based on actual studies of job performance and work stresses, it will be
possible to Identify specific areas of hardware design and work design which
need to be improved through applications of known solutions. Examples of po-
tential methods of achieving improvement in dealing with specific problems
are: (a) standardization of design for given types of subsystems serving simi-
lar functions; (b) work simplification including improving feedback from
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hardware position, color and shape cosing; providing components that only go
on the right way; coded sheets to check off maintenance and testing steps;
a way to check performance of subsystem at completion of maintenance and test-
ing job; visible lubricants; torque or force metered instruments to assure
correct tention in setting valves, seals, etc.; (c) auto/manual control to
show predicted outcome of the results of maintenance and testing when the
system is put into operation.

2. Administration and Procedures: Perceptions of specific job diffi-
culties encountered by both workers and management can be assessed through the
use of semi-structured interviews. The methodology vould include the "identi-
fication of critical-incidents" which seem to discriminate very good from very
poor performance in the areas of work planning and performance. Specific in-
stances identified in LER's would be used to elicit both factual and attitudi-
nal data from interviewees. Also, attitude surveys would be administered
where feasible. There are a number of surveys in existence which measure ob-
jective and subjective descriptions of the organization in terms of such fac-
tors as communications systems, reward and recognition structures, work auto-
nomy and variety, and others. These measurement tools enable one to pinpoint
areas of both "real" and "perceived" job dissatisfaction which can impact on
poor work performance. The organizational structure of individual plants
would be studied in order to determine decision points, responsibilities,
processes; the management control mechanisms, the operational checks and bal-
ances; communications and working relations structured for the operations,
technical, and maintenance groups; committees and other formal mechanisms
used to monitor and evaluate M&T activities; and divisions of responsibilities
between various groups.

Plant visits would allow identification of areas of work which cause M&T
problems and potential methods of achieving improvement in dealing with
specific problems, such as: assignment of individual responsibility and
accountability to specific hardware subsystems; "these are yours," to increase
both familiarity and motivation; measures of maintenance and testing job per-
formance against some criterion; improved management including type of super-
vision experienced by employees, supervisors1 human-relations skills, super-
visors' attitudes towards employees, and employee attitude toward self and job;
programmed instruction to improve learning arid routines and eliminate poor
habits; and improved relations and divisions of responsibility between main-
tenance personnel, operators, technicians, and management.

3. Trouble-Shooting: The M&T data analysis and problem identification
show the need for development of monitoring, diagnostics, and trouble-shooting
tools. Existing quality assurance programs in plants need to include proce-
dure and record controls dealing with reductions in M&T errors such as instru-
ment miscalibrations due to use of uncalibrated test equipment.

Monitoring of M&T problems may be done by development of a continuously
updated data file on M&T events which would provide trends in performance of
M&T tasks and hence measures can be made to improve such performance. Also
a system of positive checks may be designed for performance monitoring. These
include positive lock sequence systems, electric sequencing systems, and pro-
cedural written checks.
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Diagnostics of M&T problems may be done by using specially designed dis-
plays. It would be difficult to identify a specific malfunction via displays
due to system complexity. However, the display can help narrow down possible
malfunctions which may be caused by M&T actions by using appropriate sensors
to certain parameters. Noise diagnostics is another tool which may be used to
detect locations affected by M&T errors. A third possibility is the inter-
active continuous monitoring of reactor safety functions through the use of
microprocessors using a set of event trees for various accident initiators.
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ABSTRACT

This paper summarizes the operating experience data compiled from
35 operating U.S. Light Water Reactors (LWRs) to identify the principal
components/systems related to reactor scrams and reactor shutdowns. The
data base utilized to identify the scram causes is developed from an
EPRI-utility sponsored survey conducted by SAI [l] coupled with data
from the USNRC Gray Books. The approach of this study is to identify
and rank, according to frequency and plant age, the historical causes
of reactor scrams and shutdowns, particularly those related to component
failures, human error, or faulty procedures. An overall summary of the
relative frequency of scrams and manual shutdowns is presented along
with a ranking of the principal components contributing to scrams and
manual shutdowns. The trend of the causes of plant scrams as a function
of plant age is also investigated. In addition, plant specific data,
compared with "average" plant data, is used to highlight particular
problem areas in a given plant where substantial reductions in scram
frequency could be obtained if proper design or procedure changes
were implemented. This conclusion is emphasized using a group of
similar reactors from a single vendor.

This paper summarizes the operating experience data compiled from 35 operating
U.S. Light Water Reactors (LWRs) to identify the principal components/systems
related to reactor scrams and reactor shutdowns. The data base utilized to
identify the scram causes is developed from an EPRI-utility sponsored survey con-
ducted by SAI [_l] coupled with data from the USNRC Gray Books.

The Reactor Safety Study [2] (WASH-1400) as well as subsequent studies [3,
4_,_5] have shown that a substantial portion of the public risk from the operation
of nuclear power plants is associated with the potential inability to cool the
core following plant transients that require a rapid reactor shutdown. Therefore,
a decrease in the number of these transients would reduce the total calculated
public risk. WASH-1400 also shows that with the possible exception of low fre-
quency common mode failure initiators (e.g., loss of offsite power), the magnitude
of possible consequences (radioactive releases) is not extremely sensitive to the
initiating transient. In other words, the contribution of each type of plant
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transient to overall public risk is directly proportional to its frequency of
occurrence. Hence, a large potential for public risk reduction lies in minimizing
those plant transients that most frequently require reactor shutdown.

This analysis is presented in two parts. First, those transients involving
scram. These scram transients are referred to as anticipated transients since
they are considered in plant design; however, they require an immediate and full
plant shutdown: scram. Second, transients involving "controlled" shutdown,
which also requires removal of decay heat. The approach of this comprehensive
study is to identify and rank, according to frequency and plant age, the historical
causes of reactor scrams and shutdowns, particularly those related to component
failures, human error, or faulty procedures.

An overall summary of the relative frequency of scrams and manual shutdowns
is presented in Table I. Note that the average frequency of all types of shutdowns
is approximately 13.5. This represents the average frequency of "demands" on the
shutdown heat removal system per reactor year of operation.

The initial step in attempting to reduce this frequency is to identify the
source or cause of these scrams or shutdowns. Figure 1 provides a frequency
histogram displaying the ranking of each system/component related cause for
scrams and shutdowns (PWR versus BWR). The causes of these scrams and shutdowns
come from a widely diverse set of components/systems. This is not surprising
when it is recognized that there is such a large "parts count" in a nuclear plant
and a significant percentage of these can lead to a plant scram or shutdown.

In addition to a ranking of the principal component related scrams and manual
shutdowns, the trend of these causes of plant scrams is also investigated.
Figure 2 gives a comparison of the trend versus plant age of two of the most promi-
nent causes of plant scrams in PWRs: instrumentation and control (I&C) and human
error or faulty procedures. (The BWR comparison is very similar.) Note that
for both of these categories there is a high initial scram rate immediately
following commerical operation which levels off to a nearly constant rate for
the third through tenth years of operation. This comparison emphasizes the
need to be explicit about the time in reactor plant life one is dealing with in
defining component failures or human errors.

CONCLUSIONS

The principal conclusions which can be reached from the detailed analysis of
the reactor scram and manual shutdown data are:

1. The chief component type leading to reactor scrams can be
identified as instrumentation and control. (Note: all
instrumentation and control items have been summed together.)
However, in the I&C category, there is a strong correlation
between human error, faulty maintenance procedures, and errors
during I&C testing.

2. Electrical transmission and distribution related incidents have
a nearly equal effect on the frequency of scrams in nuclear
plants investigated over their entire life, not just during inital
startup. These components rank second to I&C as the leading cause
of scrams in PWRs (-15%), while they are fifth in BWRs (~7Z).
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3. Turbine control incidents which are related to scrams represent
a significant fraction of the scrams in BWRs (~6%). In PWRs
there are fewer turbine related scrams than in BWRs.

4. The number of components in a nuclear power plant required for
proper plant operation is so large (i.e., high parts count) that
while the reliability of each component can be quite high, the
aggregate reliability of the "system" of combined components may
be significantly lower. Simply stated:

The overall system unreliability is a combination
of unreliabilities from a wide and diverse set of
components.

5. There is a characteristic overall trend of scram transient frequency
as a function of plant age. The trend fits an exponential function
very closely. A similar phenomena is also exhibited if individual
component related scrams are plotted as a function of age. This
exponential function indicates that the initial two years of plant
operation are atypical of "mature" plant operation and is a time of
high calculated risk:

a. There are a large number of scram occurrences during the
initial two years of reactor operation.

b. The operating personnel may not be completely familiar
with the subtle operating peculiarities of the plant, and
may, in addition, be unfamiliar with procedures to cope
with unusual accident scenarios which may develop.

6. Plant specific data, compared with "average" plant data, is extremely
useful in highlighting particular problem areas in a given plant
where substantial redactions in scram frequency could be obtained
if proper design or procedure changes were implemented. This
conclusion is emphasized by a detailed example for B&W reactors
and their integrated control system. From this comparison, it is
found that TMI-2 suffered from an unusually high failure rate in
the feedwater system prior to the incident which occurred on
March 28, 1978.

The following items summarize the conclusions from the manual shutdown data:

1. Valves and turbine/generator systems are the major causes of
manual shutdown for BWRs and PWRs, respectively.

2. Relief valves are the largest contributor to BWR valve failures.

3. Reactor coolant pumps and recirculat ion pumps are the largest
contributors to pump failure of PWRs and BWRs, respectively.
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A caution which must be mentioned in the analysis of this data is the question
of extrapolation to end-of-life trends. Since we are dealing with a very young
population of plants (the current data can only support conclusions over the
initial seven to ten years of plant operation), extrapolation of the data beyond
ten years is nearly impossible. Therefore, great care must be exercised in the
application of the data to end-of-life operation or long-term operation of
nuclear power plants. Another potential application of the data is to future
plants. Again, the population sample we have used is one of custom designed
plants of an older vintage than that typical of future designed plants and,
therefore again, caution must be exercised so that new potential problems are
not overlooked.
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Table I

COMPARISON OF SCRAM AND MANUAL SHUTDOWN FREQUENCY
BASED UPON THE EPRI DATA FILE AND NRC GRAY BOOKS

FROM ALL POWER LEVELS

(Note: These frequency estimates do not consider
the plant availability during the year.)

Total Number of Plant
Scinms Per Year

Total Number of Plant
Shutdowns Per Year

Total Demands for Shut-
down Heat Removal Per
Year

Frequency (Events/Year)

PWR

8.79

4.71

13.50

BWR

9.37

3.87

13.24

LWR

8.96

4.43

13.39



-475-

CO

c:
o

CO

E
n3

O

O

Q :

o
CO

4J

o
a.

a>

(O

en



SHUTDOWNS

NUWCft OT COMPONENT IAILURES tLAUJNG TO MANUAL SHUT DOWN TOK PWRi
M 40 60 80 100

TURBIKC SYSTEM

SJLAM GEHERA10HS

ILfULLlNG

COHTHOL ROD DRIVES

MISCELLANEOUS VALVES

StACTOirCOOt iNG PUHPS

T "J"

2.8

I — MAlMHNANCt (GCNCRAL)

CONTROL RODS AND MECHANISM

OPERATORS TRAINING AND LICENSING EXAH

MOISTURE SEPARATOR/REHEATERS

ELECTRICAL POWER SYSTEM

CONDENSERS

PRESSURUCR SPRAY VALVE

GENERATOR

FEEDWATER HEATERS

RCS UAKAGC OR HIGH CHLORiDE CONCENTRATION

MISCELLANEOUS INSTRUMLNTAT10N

5.6 8 .4 11.2
PERCENT OF TOTAL MANUAL SHUTDOWNS

PWRs

14.0

KUttER 01 COMI'UHEHT FAILURES LUDlNf, TO MANUAL
10 20

KLfULLINC

TURiUHL SYSTLH
• ; •

M11CELLAH10US VALVCS

RCC1RCULAT10N I'UWS

RELl(.r VA1VES

DRYWCLL LEAKAGE

MAINTENANCE

CONOLNSEKS

GENERATOR

MSlVi

MSCOUS AND LIQUID RADktASTE AND
"RAOWASTC I1AN0LJNG SYSTEHS

-OPERATOR TRAINING AND LICENSING EXAM

-ELECTRICAL POWER

-FUEL BUNDLE STRUCTURE

-VENTILATION SYSTEM

-FEEDWATER PUHPS

• PRIMC CIRCUIT, PIPING AND FITTINGS

- IN-CORE INSTRUMENTATION

- F L U I D FLOW CONTHOL INSTRUMENTATION

3T4 6.8
PERCENT OF TOTAL MANUAL SHUTDOWNS

10.2

BWRs

Figure 1 (continued)



• . < * • • * I f :

-477-

Instrumentation <nd
Control Htlilcd Scrims

I i i i i i I i i

10

Plant Age (years)

4.0

' 3.0

I I I I I I I 1 I I 5 I

Hu.uj) Error or
TauHy Procedures

S 10
Plant Age (years)

IS

Figure 2. Trend of Scrams Related to Components in
Specific Systems as a Function of Plant
Age for PWRs



-478-

BAYESIAN INFERENCE AND UPDATING OF RELIABILITY DATA

Zeinab A. Sabri Michael C. Cullingford
Nuclear Engineering Department and U.S. NRC

Engineering Research Institute Washington, D.C. 20555
Iowa State University
Ames, Iowa 50010

Herbert T. David and Abdo A. Husseiny
Department of Statistics and Science Applications, Inc.

Industrial Engineering Department 125 South Third
Iowa State University Ames, Iowa 50010
Ames, Iowa 50010

ABSTRACT

A Bayes methodology for inference of reliability values using
available but scarce current data is discussed. The method can be
used to update failure rates as more information becomes available
from field experience, assuming that the performance of a given
component (or system) exhibits a nonhomogeneous Poisson process.
Bayes1 theorem is used to summarize the historical evidence and
current component data in the form of a posterior distribution
suitable for prediction and for smoothing or interpolation. An
example is given.

It may be appropriate to apply the methodology developed here
to human error data, in which case the exponential model might be
used to describe the learning behavior of the operator or mainte-
nance crew personnel.

INTRODUCTION

Data on component failure events in nuclear power plants are generally
scarce and noisy. Earlier attempts to analyze some of the compiled data
from operation experience have shown a need for reliable methods of data
smoothing [l].

Compilation of such events is required to provide estimates of failure
rates. Inference of specific failure rates in a given nuclear power plant
would also be needed for safety analysis of such a plant. Furthermore, an
updating technique would be useful in a continuous effort to review and im-
prove earlier estimates as more data become available.

The instantaneous failure rate is considered in three phases: infantile
phase, chance, and degradation failure phase. A Bayesian approach is used
in tha "election of time dependent failure rate models.



-479-

The component performance can be represented by a continuous instantaneous
failure rate X*(t). Such a rate could be time-independent, in which case the
component is assumed to have been picked out from a debugged population which
has survived the infantile failure stage. Or the instantaneous failure rate
may exhibit a pattern that decreases with time. Thus, the rate becomes a function
of a debugging rate and a factor which accounts for quality control testing
effects, newness of component design or of its use in nuclear systems. In a
different situation the instantaneous failure rate may increase with time. This
accounts for a tendency of some failures to increase with time due to high local
stresses. There may also be a long tendency for failure to increase because of
material or structure degradation. Considering these three situations three
cases are treated here.

CASE I

This case involves choosing from among three component performance models:
(1) a model of increasing reliability (viz., decreasing failure rate), (2) a
model of constant reliability (viz., constant failure rate), and (3) a model
of decreasing reliability (viz., increasing failure rate). The second model
involves the homogeneous Poisson process with intensity parameter X*, while
the first and third model involve non-homogenous Poisson processes with,
respectively, exponentially decreasing and exponentially increasing intensity
parameter:

A*(t) = a* + g* e " Y n (1)

and

X = 6* + n* (l-e" e n). (2)

To facilitate utilization of log-normal prior information, exponential
reparameterization is helpful, leading to

XjUla.S.y) = e a + e B- t e , (3)

and

X2(t|A) = e \ (4)

x3(t|5,n,e) = e
6 + e11 (l-e"te ). (5)
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Under these three models, the likelihoods of observing errors at epochs
t p t2t . . . , t in the period [0,T] are given, respectively, by

n Y

L,(t,, t? t ; T|a,e,Y) - n (ea + eB**je }
l i t j - !

•exp{-[Tea
+ (ee-Y)(i.e-TeY)]}, (6)

tn;T|A) = e
n X" T e , (7)

and

L,(t.,t,,, . . .,t :T|6,n,e) = n {e6 + e11 (l-e^j 6 )}

.exp{-[(e6+ en) T + (en-

(8)

We assume that the prior information is given in the form of prior weights
IT-, TT2, iu on the three possible models, plus conditional prior normal
densities for the parameters, given the respective models

i)> (9)

2 2 2 (10)

and

3 ) f (11)

where y. and y~ are 3-vectors, l^ and l^ are 3 x 3 variance-covariance
matrices, and y 2 and a 2 are scalars.

Given epochs (tpt 2, . . . 9t n;T), the posterior probability of, say, the

first model is given by

>(12)i± D
J {*2}{L2} dx + ^ J i ^ l ^ d«dnde
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and the conditional posterior density for, say, the model parameters (<X,&,Y)
of the first model is

da d3 dy

CASE II

This case involves choosing between two performance models. The first
of these is a performance model indexed by a parameter T * indicating the
cuff-off between an initial period (0,T*) of steady-state poor performance
and a subsequent period (T*,+«>) of transient improving performance. The
second of the two performance models is the constant-performance model of
Case I.

A pertinent representation of the first model is in terms of a non-
homogeneous Poisson process with an initial homogeneous phase (using T*=e )

A1(t|a,8,Y.T) = e
a + e p ; 0 * t < e T , (14)

and a subsequent non-homogeneous phase:

Xjdia.S.Y.x) = e a + eB
+(eT-t)eY . e T s t < ^ {15)

Under this model, the likelihood of observing failures at epochs t,^,*",

t i i - , t in the period [0,T], T > eT, is given, with J the number of t'.s < eT

J " j
and k denoting j's with corresponding t.^e , by

J

Ll(tl,t2,...,VT|a,e,Y,T> [ ]
T+e ^ ^ 1 ' ] } (16).exp|-[Tea

We assume again that the prior information is given in the form of prior
model weights and conditional prior normal densities for the parameters; in
particular, the conditional normal prior for the first model will be a quadri-
variate normal density

.TlypEj), (17)

where ^ is a 4-dimensional vector of prior means, and Ejis a 4 x 4 variance-

covariance matrix.

The computation of the posterior density proceeds in complete analogy
with the computation for Case I.
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CASE III

Assume now that the performance of a given component (or system) follows
a nonhomogeneous Poisson process, and the the parametric form of failure in-
tensity X(t) is

X(t|ot,0,Y) - a(l + 6e" y T); a > 0; B,Y*O (18)

where a, 0, and y are constants and T represents the relevant type of:com-
ponent epoch. Consider now that availabe historical evidence is condensed into
a trivariate prior distribution on (ct,0,y), for example of discrete type,

Pr{a = a., 0 = &., y = y.) = P:; l s i s N , (19)

providing that values (ot.,0. ,y.} for parameters (a,0,y) are available for

failure records Rj* l^i^N, of N components similar to the component under
consideration. The-N failure records, R-j, are assumed to be culled from
available data. The nature of the operation involved in each R-j is judged to
beat least of partial relevance to the operation of the component of current
interest, and each R-j covers an epoch interval extensive enough to allow
estimation of the parameters (a.,0.,y.) of the failure intensity curve
A(t|a,B,y) for Ri. i i .

The current performance of the component under consideration is summarized
by the data (t,,t«»...,t |T), where T is the current epoch and (t^.tg,...,^)

are the epochs of the n failures of given type which have occurred since repair
of replacement of the failing component. Thus, the likelihood of the data
(t,,t2,...,t ;T) under parameter values (a,3»y) is

L(trt2,...,tn;T|a,8,y) = v ^ \ ]

(20)
Substitution of the failure rate of Eq. (18) into Eq. (20),

L = an S (1 + Be " ^ J e x p f ^ {e~yl -1) -<*]. (21)

Bayes* theorem summarizes the historical data evidence and current com-
ponent data in the form of a trivariate posterior distribution, for example

,t,,,---,t ;T|ak, Bt,L_£ D 5 K—k_, i s k ^ N (22)

..., tn;T|a., 0.,y.
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where Pk and L are obtained from Eqs. (19) and (21). Posterior point estimates
or posterior fiducial intervalsrfor particular values of A ( T ) may be obtained
by the posterior distribution ir. Point estimates are provided by posterior
means, such as, for example,

N
X(T) = E i k X(x|ak,Bk,Yk). (23)

For prediction T > T and for smoothing or interpolation T S T .

APPLICATION

To illustrate the use of the method, consider a component that has been
in operation since 1976 in a nuclear plant A. The operation data of the
component over the past three years shows that on the average two failures of
the type Fl occurred per year. The failure rate of the component may be
estimated utilizing available operation experience with similar components in
N other plants. Assume that a record is available that contains sufficient
failure data over a long history of operation of each plant. In actual
practice the early failure rates of the component usually are screened out by
means of equipment testing. We shall, therefore, consider that the component
exhibits a constant failure rate X(t) = a; that is B = y = 0 in Eq. (18).
Then the likelihood of failures of type Fl at times t., Ost, <t 9...<t S T ,
T the current epoch, is c

L(t1,t2,...tn;T|a) = a V a T . (24)

The prior distribution of the parameter a for failures of type Fl, reported
during the operation of several comparable nuclear power plants, gives the
prior distribution.

Pr{a = a.} = P. = -J- (25)

Suppose now that in fact the eight failure rates a. - 1,2,...,8 have been
observed. Then the discrete prior distribution involves the 8 discrete points
listed in Table 1. The likelihood and the posterior distribution are calcu-
lated from Eqs. (20) and (22) and the results are given in Table 1. The
point estimate is obtained from Eq. (23),

„ . 8
X = a = E ]L a. = 1.89 error/year. (26)

k=l K K

The approach described here may be extended to a continuous prior distribution
if the data from available records are fitted with a continuous function. In
the absense of enough information a previously obtained posteriori distribution
can sometimes be used as a prior distribution.
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Table 1. Failure Intensity and Estimation Parameters

prior distribution likelihood posterior distribution

1
2
3

4

5
6

7
8

0.22

0.30

0.18

0.14

0.02

0.08

0.04

0.02

0.135

0.146

0.067

0.021

0.0056

0.00133

0.000285

0.0000576

0.3184
0.5165

0.1262

0.0354

0.00264

9.41 x

1.34 x

1.36 x

10
10

10

-4

-4

-5

CONCLUSIONS

The methodology developed here is applicable to human error data, in
which case the experimental model is used to describe the learning behavior
of the operator of maintenance crew personnel. In this case, the epoch T
can represent, for example,

(a) time elapsed since the operator assumed his task, or

(b) cumulative time, since the operator assumed his task, during
which this task needed to be performed.

The epoch T may also be considered, by approximation, as

(c) the count of discrete instances at which the task in question
needed co be performed.
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ABSTRACT

The DATATRAN data base management system, se-
lected by the Electric Power Research Institute for
use in several current experimental programs, is de-
scribed from a non-programmer's point of view with
examples from a DATATRAN data base containing ther-
mal hydraulic performance data on a 1/5 scale light
water reactor primary coolant pump.

In the field of thermal reactor safety, large amounts of
experimental data are frequently employed in the development and
assessment of computer codes and/or as a basis for empirical cor-
relations. To utilize data for these purposes, it is necessary
to store the .data produced by experimental programs, provide docu-
mentation and traceability for the data, and then retrieve and
manipulate the data. Performing these functions manually for
large amounts of data can be a difficult, time-consuming task.
Fortunately, it is not necessary to handle those data by manual
methods. The data can be stored in a form amenable to computer
retrieval and manipulation, with a computer system being used to
store the data, retrieve and manipulate it, and maintain documen-
tation and traceability of the data.

But using computer systems in this way implies computer pro-
grams and, therefore, computer programming. In fact, the quantities
and varieties of the experimental data available in the field of
thermal reactor safety demand that sophisticated computer program-
ming be used to manipulate it. The engineer wishing to use the data,
on the other hand, usually does not have the time to become a skilled,
accomplished computer programmer. A person interested in utilizing
the experimental data most probably knows some Fortran and is inter-
ested only in accessing the data as simply and as easily as possible.
Therefore, a computer system is needed which builds on this general
knowledge of Fortran in the scientific world and performs the Fortran
I/O painlessly. In addition, it would be advantageous if the computer
system and the applications programs were portable between computer
installations.

Computer systems like that described above do exist, and one
such system is DATATRAN, initially developed at Knolls Atomic Power
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Laboratory (KAPL). DATATRAN is an extension of Fortran and is a
data base management and executive system. That is, DATATRAN is a
software package which translates simple DATATRAN statements into
complex Fortran statements. Through use of these simple DATATRAN
statements entire data bases can be constructed, the data can later
be retrieved, and a series of previously written computer programs
called modules can be executed to sort, list, plot or mathematically
manipulate the data. The DATATRAN system has been chosen by the
Electric Power Research Institute (EPRI) for use in several current
experimental programs, and it is currently available on both IBM and
CDC computers.

One example of these experimental programs is the Two-Phase
Pump Performance Program performed by Combustion Engineering (C-E)
under a contract from EPRI. The objective of this program was to
obtain single- &nd two-phase pump performance data over a wide
range of steady-state and transient conditions on a 1/5 scale model
of a reactor coolant system (RCS) primary circulation pump. The data
would then be used to develop and evaluate analytical methods of
describing pump performance for off-design conditions such as those
frequently encountered in RCS safety analysis.

The experimental program ultimately conducted included nearly
1000 steady-state test points and 16 transient tests. During each
steady-state tast, about 70 direct measurements were recorded. Pro-
cessing, conversion to engineering units, and manipulations of the
data to produce standard pump performance data resulted in the avail-
ability of several hundred separate data values for each steady-state
test. At the test site, a formatted hard-copy output consisting of
ten 8 1/2" x 11" pages was used to tabulate the data from each sequen-
tial test.

This 10-page printout was the principal source of data to the user
and, for analysis of a single test, was a very complete and useful doc-
ument. However, as the number of tests grew into the hundreds, the
sheer bulk of the hard-copy data caused its usefulness to become limited.
The need was for comparative analysis to observe performance trends as
a function of specific pump parameter changes. An additional compli-
cation was that the operational sequencing of tests was necessarily
different from the sequential parameter variations used for the analysis.
The task of hand sorting, selecting and plotting the data became stag-
gering in magnitude.

To simplify the analysis of the data gathered in this experimental
program, the steady-state data from 962 of the steady-state tests
were entered into a DATATRAN data base. There were over 200 parameters
of interest produced for each test. These data were computer-sorted
so that all of the data for one parameter were available as one string
of data, while maintaining the correspondence of the data to the test
number. Each list of parameter data was given a unique DATATRAN name
which mnemonically documented and described the data. The named lists
of data now were DATATRAN data sets and were stored through the DATATRAN
system as part of the data base.
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For example, the name D.CE.PMP1X5.JUL79.EN.SSCN.P.SIS was given
to one list of steady-state data. The name elements of this data set
name were chosen to indicate that the data was produced at Combustion
Engineering (CE) during the 1/5 scale pump performance tests (PMP1X5)
and entered into the data base in July, 1979 (JDL79). The data are in
English engineering units (EN), were recorded on the data scanner
(SSCN) and are pressure data (F) from the suction instrument spool
(SIS).

The steady-state data from this testing program are now available
for analysis by engineers who, to access the data, need to know only
the number of the magnetic tape on which the data are stored and the
unique data set name of the particular parameter data of interest.
The DATATRAN system handles the Fortran I/O through the use of one
DATATRAN statement. That is, the engineer does not need to know how
many pieces of data are in the data set, how many records of data
there are, where on the magnetic tape or storage device the data are
written, or what the appropriate Fortran READ, WRITE or FORMAT state-
ments are. Once data have been retrieved from the data base with a
JATATRAN statement, appropriate subsets of the data can be selected
for listing, sorting and/or plotting from the same computer program.
These tasks are made easy with existing DATATRAN modules which are
available as part of the DATATRAN system or which were written speci-
fically for the data bases in the EPRI data bank. Some of these mod-
ules were released from the much larger library of modules used at
KAPL; others were written under EPRI contract.

The data base access modules available to the user of the EPRI
DATATRAN data bank provide the user with the following data manipu-
lation capabilities:

1. Selecting. Individual data sets can be searched for
test points where data values fulfill user-specified
criteria. For example, data sets containing temperature
and pressure data can be sorted to select test points
for which the temperature and pressure were within speci-
fied ranges. The data base may then be interrogated to
provide further information about the identified test
points.

2. Listing. Complete or partial listings of data sets can
be printed in columnar arrangement. This includes
listings of the results of the above selection operation.

3. Plotting. The contents of a data set can be plotted or
the contents of two data sets can be cross-plotted, e.g.,
void fraction versus differential pressure. A figure
prepared with default values for grid lines, labels,
titles, etc., can be produced merely by specifying the
data set name. Report-quality plots, including overlays,
can be generated with additional user input.

4. Curve fitting. Coefficients for a weighted polynomial
curve fit to a series of x-y data points can be generated
and the resulting curve can be plotted as an overlay to
the data points.
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5. Performing arithmetic operations. Arithmetic manipu-
lations can be performed to entire data sets, regardless
of their size. For example, a data set containing down-
stream absolute pressures may be subtracted entry by
entry from a data set containing upstream absolute pres-
sures to produce a string of differential pressure data
values for comparison to measured differential pressure.
Other arithmetric operations are available, including
tr igonometr ic func tions.

Each of the above capabilities can be implemented with two
DATATRAN statements, with the option in each case to include addi-
tional input. For example, the computer program given in Figure 1
produced a plot of homologous head vs flow-speed ratio at the
suction instrument spool for void fractions of 0. This plot is

0001
0002 C
0003
0004 C
0005 C
0006 C
0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017 C
0018
0019
0020
0021
0022
0023
0024
0025
0026 C
0027
0028 C
0029
0030

<CONTROL CARDS>

JOB FIGURE2

THIS DATATRAN PROGRAM CREATES THE PLOT IN FIGURE 2

N.FISELECT = VOIDO EQ 0.0
* CE PMP1X5 JUL79 EN SSCN AFMX SIS
/ NU0AN1 GE 0.0
* CE PMP1X5 JUL79 EN SSCN NUANMX SIS
/ SPEED GT 12.0
* CE PMP1X5 JUL79 EN SSCN N PUMP
/ HUMHEAD AND VOIDO NU0AN1 SPEED
/ HOMHEADO ADD HUMHEAD
* CE PMP1X5 JUL79 EN SSCN HACEMX SIS
KALL F1SELECT

N.AXIS = DSET H0MHEAD0
* XPAR 2
* XRANGE 0.0 5.0
* XGRID 1.0
* XTIC .2
* XFORM *F3.1*
* LINE 0 0 0

FIG 1
YPAR 5
YRANGE -5. 4.0
YGRID 1.0
YTIC .5
YFORM *F4.1*
MARK 1

KALL PLOTA

N.TITLE(l) = HOMOLOGOUS HEAD, AF«O,SIS*

KALL PL0T1
END

Figure 1. Sample computer program using DATATRAN statements to
produce the plot shown in Figure 2.
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Figure 2. Sample plot from the C-E/EPRI 1/5 Scale Pump
Performance Steady-State Data Base, showing homologous
head vs flow-speed ratio for void fraction of 0.
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Figure 3. Sample plot from the C-E/EPRI 1/5 Scale Pump
Performance Steady-State Data Base, showing pump degra-
dation for rated speed and flow.
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shown in Figure 2. Retrieving the data from the data base and sorting
all the data to identify the steady-state tests with void fraction
and speed in the requested ranges were accomplished with the statements
involving the FlSELECT module. Requesting the plot was accomplished
with the statements involving the PLOTA and PLOT1 modules. The
entire program consisted of 8 DATATRAN statements in 30 lines, took
1.9 CPU seconds to execute and cost $8.60 on normal priority rates.
Figure 3 is a more elaborate plot produced after sorting, curve
fitting and specific plotting features were used. This program con-
sisted of 21 Fortran and DATATRAN statements and cost 2.1 CPU seconds
and $9.60 to run at normal priority.

Since all the data bases in the EPR1 data bank are structured
in one pattern regardless of the type of data in the data base, the
same modules can be used to sort, plot and/or list the data regard-
less of which data bases they are from. Also, data from two or more
data bases can be used in the same computer program.

The EPRI data bank presently includes six data bases:
1) Steady-state data from the C-E EPRI 1/5 scale pump

performance tests
2) Transient data from the C-E EPRI 1/5 scale pump

performance tests
3) Steady-state data from the Babcock-Wilcox 1/3

scale pump performance tests
4) Preliminary, partial, steady-state data from the

CREARE 1/20 scale performance tests
5) Steady-state and transient fuel behavior code

qualification data from the power-cooling-
mismatch tests conducted, in the Power Burst
Facility at INEL, reactivity insertion acci-
dent tests conducted in the SPERT CDC facility
at INEL, and electrically heated rod burst
tests conducted at ORNL

6) Transient data from the critical flow tests
conducted at Harviken, Sweden.

The size and contents of these data bases are summarized in
Table I. In addition, more DATATRAN data bases will be added to the
EPRI data bank as experimental data become available.

Table I
EPRI DATATRAN DATA BASES

Data Base No.
Tests

No. Data
Sets

No. Data
Values

C-E Pump 1/5 Scale
C-E Pump 1/5 Scale
B&W Pump 1/3 Scale
CREARE Pump 1/20 Scale
Fuel Behavior Code

Qualification
Marviken Critical

Steady-State
Transient
Steady-State
Steady-State
Steady-State
& Transient
Flow Transient

962
14
860
250
55

27

239
570
60
61

520

>5600

>190,000
>15,500,000

>51,000
>15,000
>50,000

>15,000,000
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Because of the power and flexibility of the DATATRAN system
supplemented by the small library of DATATRAN modules, including the
modules written specifically to access the EPRI DATATRAN data bank,
the user's computer program will probably consist of fewer than 25
DATATRAN and Fortran statements in addition to the necessary control
cards. Thus, the process of sorting through large quantities of
experimental data and listing, plotting and analyzing the data has
been reduced from a complex task involving detailed manual labor to
a simple task involving a small deck of computer cards containing
a few DATATRAN and Fortran statements. The data collected during
these experimental programs are now easily accessible to a non-
programmer wishing to analyze the data.
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ABSTRACT

Uncertainties in nuclear energy risk assessment are considered as one of the main
reasons of the actual difficulties in nuciear energy development. Uncertainties are identi-
fied in the risk assessment studies provided by the experts, in the confidence on the risk
assessors and in the utility functions of low probability high consequences events. These
three areas correspond to three inputs to the decision maker. Adequate information flows
should be ensured to reduce the uncertainties of these inputs. The information flow to
risk assessment prior studies is feeded mainly by experimental R&D. The information
flow addressed to the judgement of the risk assessors is feeded mainly by operating
experience. This information flow has the function of a feedback loop that should operate
on line. The main information systems existing in Europe on operating experience are
mentioned and the structure of a central information system studied by the Commission
of the European Communities is outlined.

1. INTRODUCTION

The debate about the choice of alternative energy technologies is dominated today
by the uncertainty in the variables to be considered in the decision process: energy demand,
stocks of reserves of natural resources, costs, state of technology, long-term and short-term
risks for population and environment. Uncertainty penalizes specifically the nuclear energy
sector. The "stalemate" is illustrated by two facts:

We are living "de facto* in an average moratorium situation in the world since about
two years. At the end of 1979, the total number (556) of plants in operation, in con-
struction and ordered, was the same as in June 1978 [1]. During this period, 18 plants
have been put in operation, but the construction of 6 plants has been stopped and 12
orders have been cancelled.

The workload of the manufacturing capacity in the western world (Canada, France,
Western Germany, Japan, Sweden, the U.K., U.S.A.) is expected to decrease in the next
ten years. The average workload in the period 1970 - 1979 has been 46%. For the years
1980 - 1989, a workload ranging from 24% to 51% is foreseen [2].

At what extent these facts are originated by a growing concern about the long-term
and short-term risks associated to nuclear energy? It is difficult to give a clearcut answer
because of the interdependency between the variables that enter in the decision process
and particularly risk and cost. But looking at the motivations which were behind most
orders cancellations and construction delays, at the issues railed in various referendum
pro-con nuclear energy and at the space that safety questions have in the public and
political debate, we arrive to the firm belief that risk to population is playing a leading
role in the actual difficulties of the nuclear energy sector.
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It is trivial to say that to reduce the uncertainties, one has to obtain more information.
But how it could be obtained? What is its use and its value'* Economists have tried to
answer in general terms to these questions recently, with reference mainly to economic
strategies in sectors where important and long-lived investments are required [3,4J. In the
present paper, we consider the specific problems of the uncertainties in nuclear energy
risk assessment and management and various aspects of an adequate information policy
for dealing with this problem. The proposed analysis should en light at the end the
"know why" of various actions of the Commission of the European Communities in the
domain of data systems on nuclear plants operating experience.

2. UNCERTAINTIES IN RISK

Adopting an extreme simplification we can say that nuclear energy introduces diffuse
risks linked to normal operation and concentrated risks linked to abnormal operations.
In spite of the fact that uncertainties still exist also in diffuse risks: e.g. effects of Sew
level radiation, the major concerns are on concentrated risks, i.e. on expected losses, in
terms of human injuries, loss of equipments, etc., caused by accidental maloperation.

The decision maker has to decide on the basis of three inputs: a technical assessment
of the risk, made by experts, his personal confidence in the validity of these experts and
his utility (risk-aversion) function. Uncertainties in these inputs (expressed for instance
in terms of rank), if large, can dramatically affect the decision. A short review will show
that these uncertainties, in fact, are large.

During the last six years, experts supplied us various risk assessments [5,6,7,8,9].
All these studies refer to the risk associated just to LWRs operation. The external fuel
cycle has been considered only in the RASIN study. But, in general, the overall fuel cycle
is not yet technically defined enough, as are the power stations, to be matter of a
detailed risk study. In all these studies, the risk associated to the operation of a given
number of nuclear plants in an assigned environment, is expressed by a curve frequency
(expected number of accidents)-consequence.

In WASH 1400, the leader study, the uncertainty has been expressed without ade-
quate justification for the frequency and for the consequence, by a band whose width is
of a factor up to 5 both sides [5]. This approach has been matter of strong criticism by
various reviewers of this study. We can quote for instance one of the findings of the Lewis
Review Group [10]: "we are unable to determine whether the absolute probabilities of
accident sequences in WASH 1400 are high or low, but we believe that the error bounds
on those estimates are, in general, greatly understated". It should be remarked that in
WASH 1400, and related following discussions, the attention has been focused mainly
on frequency. The problem of uncertainty in the consequence estimation has been practically
neglected or solved by the simple assumption that models adopted and input data "over-
estimate" consequences.

The German Risk Study, the most recent study, as far as one can see in the Main
Report (appendices are not yet available) approaches the problem of uncertainties with
much greater care. Uncertainties are estimated in terms of subjective confidence interval
OMW the consequence or over the frequency of a specific point of the risk curve by the
use of surface response technique. This study extend the curve to events having proba-
bilities of 1 0 ' " (WASH 1400 was limited to 10~7). In the range of 1 ( T , the 90% con-
fidence interval over the consequence cover 3 decades, in the range of 10~7, 2 decades,
and in the range of 10 ' 1 0 , (l decade.
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The uncertainties given by WASH 1400 and by the German study, for the same range
of probability, are of the same order. The other studies in respect to uncertainties do not
say more.

We can say, resuming, that risk assessment studies can present the quite significant
uncertainty and more recent studies appear more aware of these uncertainties.

The confidence that the decision maker has in the risk studies, can be also matter of
considerable uncertainties. An attempt to quantify in a specific case this confidence
in terms of a probability distribution, is reported in [11]. An interesting example,
unique to our knowledge, of the discrepancy between two independent assessors of the
same plant, is offered by the two studies on the Swedish Barseback's plant In the two
studies, differences in assessing the contribution from pipe rupture and differences in the
method of selecting the combination of parameter values for plume rise and deposition
velocity, produce large differences in consequences.

The risk aversion of the decision maker is also affected by uncertainties which,
moreover, can change considerably in time and space (cultures). In fact, in the range of
very high consequences and very low probability events, the vulnerability of the system
makes unacceptable a consequence whatsoever is the probability [12]. In this situation,
consequences are the only determinants of the decision and probabilistic concepts no more
apply. Moreover, a great variability at judging probability among people of various cultures
has been found by recent studies [13].

3. INFORMATION

We can have two concepts of information. One is the "metric" concept used in the
communication and contra! theory [14,15]. According to this concept, the information is
a quantity measured in bit (binary digit). This concept of information helps in understanding
some formal properties of systems like complexity and control capacity. In an abstract
framework, the complexity of a system is measured by the number of information channels
and of their users, i.e. by its information capacity. The control capacity of a system has as
a limit its capacity as information channel.

The other concept, more pertinent to our subject, is qualitative. Information is any-
thing which changes the judgement of the receiver about facts. If these facts are expected in
future, the judgement includes their probability distributions.

The former concept is included in the much broader second concept. By analogy,
some properties (such as the control capacity) strictly applicable to formal systems, can
suggest some extrapolations to real systems.

But leaving apart these suggestions and sticking to the second concept, let us consider
the outstanding problem of the "value" of the information.

First comes the effectiveness of a piece of information. A piece of information (a nuiiaai)
is effective at the extent it affects the action of the receiver. Ail the experience in the oparation
of complex systems involving human operators and organisations, show that the "quantity"
of information does not ensure the effectiveness. It has been pointed out many y « t n ago
that the message, to be effective, should lead information in strict sense, instruction and
motivation [16].
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the first source is two orders of magnitude higher than the investment in the second source
(about 200 million US$ against 2 million US$). But public authorities become aware of
the situation and various actions have been undertaken at national and at the Eurcpean
Community level. In Table I, a summary of the situation is given.

On this background, the Commission of the European Communities has also undertaken
a centralized effort that could correspond to the general concepts of information: "public"
and "non exclusive" good expressed in chapter 3. This effort consists of a feasibility study
of a centralized European Reliability Data System (ERDS). The content of the ERDS may
be seen as constituted by two main issues: operational data and reliability data.

The first issue, operational data, concerns the continuous collection and organisation of
events occurring in nuclear plants, relevant to safety and availability of operation: compo-
nent failures, repairs, abnormal occurrences, changes in power production, etc. Most of
these data are collected as a help to the plant management from the point of view of safety
and productivity. These data provide a feedback information channel for the plant itself
and for groups of similar plants.

The second issue, reliability data, concerns the problem of the availability of generic
failure and repair rates of similar classes of components: the data are needed in the field
of reactor safety, for the estimation of the probability of failure of complex, redundant
systems, through the use of decomposition techniques such as fault trees, etc. These data
can±»e derived from operational data of plants, through appropriate filtering and pro-
cessing techniques: they are also derived from more generic experience and from expert
judgements.

The feasibility study on the European Reliability Data System started at the beginning
of 1977 by a general overall view and analysis of the most important reliability data
systems on LWRs. At the beginning of 1978, the feasibility study was more formally
structured and four main lines of action were decided on:

component event data bank (CEDB): the purpose of this system being the merging
of national data systems on component failures like SRDF (F), GRS/RWE (D),
ENEL (I) , with reference also to the American NPRDS;
abnormal occurrences reporting system (AORS): the purpose of this system being
the collection of information as contained in national abnormal occurrence systems,
as a service and a tool for safety analysis;
operating unit status reports (OUSR): collection, organisation and dissemination of
productivity and outages data from European power reactors;
generic reliability parameter data bank (GRPDB): collection and organisation of
reliability parameters for similar classes of components, by exploiting also the early
data bank structure set up by the JRC in 1972.

The study was successfully completed at the end of 1979. We report the main conclusion
of the study:

"Although operational data are collected in the various European countries according to
different structures and to different information details, it is feasible to devise a centralized
system that would coherently merge these data. Evidence of this is:

a) the effective operation of the existing reporting system on productivity and outages
data from European power reactors (OUSR);

b) the demonstration of the possibility of homogenizing component and event charac-
teristics from different national data schemes (CEDB);

c) the possibility of devising an informatic structure able to handle various types of
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Second: the value of information as an economic good. It is a merit of some economists
[3,4], that they have analyzed the characteristics of information as compared to other
conventional commodities. It has been shown that:

information value is essentially value in use, not value in exchange;
information is only partly appropriable;
information lacks the property of exclusivity (the use of a piece of information by
a person does not exclude the use of the same piece of information by other persons).

Therefore, the total value increases with the number of people who can use it. This means
that competitive market cannot ensure optimal supply of information. Public intervention is
required.

4. INFORMATION FLOWS TO REDUCE UNCERTAINTY

Referring to our problem, information is required to reduce the uncertainty in the
decision process. The system to which the decision process refers, is particularly complex.
(In a LWR reference classification, 190 main functional systems are listed, each of them
with 10 or more interconnections with the others [17]). Therefore, a corresponding large
flow of information is needed. We have previously identified three areas of uncertainty
corresponding to three inputs to the decision process.

In the following, the first two inputs which have a prevalent technical content, will
be considered. The first input is needed "a priori" by the decision maker to evaluate
risk alternatives and in this respect it embodies "static" characteristics. It will rely
mostly on data on physical variables and related models. Their uncertainties will be ex-
tracted through R&O programs and overall statistics of component and systems failure
to be derived by past record of similar plants. R&D programs should put much more
emphasis on the ascertainment of the range of uncertainty of the most important physical
variables. This implies a rethinking either of the scope of many experimental researches
and of the design itself of the experimental matrix in order to better individuate the
various uncertainty sources.

The second input, needed to test the validity of the risk assessor, is more linked in
"feedback loop" to the operation experience. Uncertainties in this area correspond to
unavoidable lack of completeness of the prior estimates and to unexpected interactions
with the ambient (i.e. operator response). By its characteristics, this second informaticr
has to be processed on line. The time of feedback transmission is essential for the effec-
tiveness of the information. The confidence in the risk assessor is highly linked to the
confidence in the "reliability" of the operation organisation and risk management. This
implies an essential lower level information flow that involves a good interface between
technical systems, operators, external organisations. While the information to risk assessors
goes to "experts", so that preoccupations about "instructions" and "motivation" of the
message can be partially neglected, the information to operators needs to be effective.

5. INFORMATION SYSTEMS IN EUROPE

In the previous chapter, two main types of information needed to reduce the un-
certainties about the risk assessment and the risk assessors themselves, have been men-
tioned: information coming from R&D and information coming from operation experience.
The importance of this second source is growing and its use becomes essential to give
credibility to risk assessments. It is interesting to note that in Europe, the investment in
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information from different national systems;
d) the compatibility of the information type in the abnormal occurrences reports

from various countries (AORS)."

The starting of the implementation of ERDS by a pilot application to three LWRs
is expected to be performed in the next four years.

6. CONCLUSIONS

The waiting attitude towards the nuclear energy imposes a careful rethinking of the
problem of the uncertainties in risk assessment and management. The systems information
approach can help in identifying goal and tools for improving the situation. The operating
experience in particular has to be reconsidered as an essential source of information to be
exploited intensively in the future, R&O on nuclear power also should be at a certain
extent reoriented to focus better on the uncertainty areas.
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Table I: Status of Information Systems on Power Reactors operation
in Europe.

1 - Operating Units Productivity and Outages.
An exchange of Experience between utilities: has been started by the
CEC in 1966, has been managed by the JRC since May 1979; the out-
puts, similar to the NRC Reports, are published by the statistical office
of the CEC and are also provided to UNIPEDE and IAEA for their publi-
cations.

2 - Component and System Failure Reporting

— A system similar to NPRDS has been in operation in Sweden for a
few years (ATV).

— EdF, France also started a similar scheme in 1978 on a pilot basis.
— GRS Germany has developed a pilot data system for Ri/VE (Biblis).
— ENEL Italy is also planning a similar system.

3 - Abnormal occurences
— A system similar to LER is operational in Sweden with the same

widespread publicity as the American.
— Internal reporting schemes are in use or under development in

each European country, but the situation, also in respect to publi-
city of information, is still unsettled.

4 - Reliability Data
Apart from the SRS Data Bank of UKAEA, started in 1968, but develo-
ped mostly in the direction of chemical plants, no other encompassing
project has been undertaken. In 1974 an action was started to associa-
te various data bankers (nuclear and non-nuclear) into a group; in 1979
the EuReDatA association has been formally founded.
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QUALIFICATION OF SAFETY RELATED EQUIPMENT
FOR A PRESSURIZED WATER REACTOR

6. DELMAS Engineer - Electricite de France

Direction des Etudes et Recherches
1, avenue du General de Gaulle

92141 - Clamart FRANCE

G. GANOUNA-COHEN Engineer - CEA-DSN-SETS
Fontenay-aux-Roses FRANCE

ABSTRACT

Owing to the fact that environment stresses, that prevail or may
occur in a Pressurized Water Reactor containment are very novel and hard,
we had to define and perfect a new test procedure for safety-related
equipment. Such tests aim at ensuring equipment quality level and checking
its fitness for use. This new field led us to develop and improve test
facilities in order to reproduce the stresses taken into account such as
irradiation or pressure and temperature shocks.
At the present time, the various preparation works are drawing to a close
and the first test campaign, dealing with safety related cables, is under-
taken ; the others are planned up to 1981,

TEST PROCEDURE DESCRIPTION

The basic rules of the French procedure are gathered in the "general qualifica-
tion test specification for Class IE equipment". This document is a synthesis of the
investigations made by members of the COMMISSARIAT A L'ENERGIE ATOMIQUE (CEA), of
ELECTRICITE DE FRANCE (EDF), of FRAMATOME and of French Safety Assessors.

Preliminaries - The identification file must be considered before proceeding
with any test whatsoever. In this file are assembled all the data about the equipment
manufacture and rated operating conditions. Then initial measurements of the equipment
operational characteristics are carried out with the dual object of checking the
performances stated by the manufacturer and getting reference points. They always
include dielectric strength and insulation resitance tests. At last the effects of
influence quantities are determined during operational use limit tests ; among others,
the influence of ambiant temperature and pressure is investigated for all the equipment.

Preconditionning sequence - A thermal ageing test is run according to the conditions
of a dry heat test ; its strictness and duration is, in most cases, determined from
the following empirical rule : the test duration is divided by 2 when the test
temperature increases by 10°C, the basic point being 950 hours at 135°C. Then, an
accelerated damp heat test is carried out in order to disclose, at the beginning of
the procedure, corrosion protection faults ; its conditions are : relative humidity
higher than 80 Z under a temperature of 55 _+ 2°C, and its strictness is 2 cycles of
24 hours. It is followed by an operational ageing test whose programme is specific
to each type of equipment ; it may cover repeated operations, extensive voltage
applications at top limits of the temperature range (55°C) or heat cycles. Then comes
an irradiation test run on unfed units with an air equivalent dose rate specified
between 500 Gy/h (0.05 Mrad/h) and 1500 Gy/h (0.15 Mrad/h) up to a total dose of
2.5 105 Gy (25 Mrad). The test temperature is set at 70°C, to take synergic effects
into account.
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Mechanical sequence - F i r s t , the v ibra t ions t e s t , over the frequency range
10-500 Hz, i s divided in to three pa r t s : search for c r i t i c a l frequencies, endurance
by frequency sweep and endurance to c r i t i c a l frequencies. The f i r s t s tage may be
run on fed uni ts in order to disclose some operat ional c h a r a c t e r i s t i c s d r i f t s .
F ina l ly , a sismic t e s t i s car r ied out , over the frequency range 1-35 Hz, according
to one or the other following methods. They both specify a search for c r i t i c a l f r e -
quencies with an accelera t ion level of 2 ms~ ; then the f i r s t one recommends mono-
axia l beats a t p rese t and c r i t i c a l frequencies,while the second spec i f i es mono or
b i - a x i a l t e s t s by synthesized accelerograms covering a given spectrum. During the
t e s t s , a number of operat ional c h a r a c t e r i s t i c s are checked.

Postulated accidenta l conditions sequence - These t e s t s used to determine the
equipment dimensioning f ac to r s , are of a s t r i c t l y conventional charac te r . The a c c i -
dental i r r a d i a t i o n t e s t i s run with an a i r equivalent dose ra te of 1500 Gy/h
(0.15 Mrad/h) to 7500 Gy/h (0.75 Mrad/h), up to a dose of 6 105 Gy (60 Mrad). I t s
conditions are i den t i ca l to those of the ageing exposure t e s t but one i s now
turning to a t e s t run on l ive equipment. Then accidental thermodynamic and chemical
conditions are applied to the equipment. A temperature (dew-point 156°C) and pressure
( t o t a l pressure 550 kPa) shock i s carr ied out , ensuring a safety margin over t r a n -
s ien t phenomena ; a f te r cooling down, a second one i s applied, followed by a slow
development of the p ro f i l e s according to the envelopes reckoned for the f i r s t 4
days. Chemical spraying i s reproduced inside the t e s t vesse l . Figure 1 shows the
evolution of t e s t as well as reckoned p r o f i l e s . F ina l ly , a continuous damp heat t e s t ,
standing for post accidental condi t ions, ends the procedure. A 10 days duration at
100°C i s generally s t a t ed . The operat ional cha rac t e r i s t i c s required for the equipment
are checked during these two t e s t s .

ANALYSIS AND JUSTIFICATION OF SPECIAL
POINTS

Since the French spec i f ica t ion i s largely s imi lar to the American rules and
p r a c t i c e s , we sha l l only i n s i s t on the i r d i f ferences .

Class i f ica t ion - For French Pressurized Water Reactors , Class IE i s subdivised
in two sub-classes : 1EA for equipment f i t t e d inside the containment and due to
operate during and/or a f t e r an in t e rna l accident ; 1EB for equipment f i t t e d e i t h e r
outside or ins ide the containment, but wich i s no t , in the l a t t e r case , required
to operate a f t e r the s t a r t of an accident . The above discr ibed procedure i s the
1EA equipment one.

Thermal ageing - The accelera ted ageing laws current ly used in the nuclear
field(Arrhenius, cycl ing, . . . ) seem unre l iable and hardly allow accurate computa-
tion of a qua l i f i ed l i f e t ime . This i s a l l the t ruer as there are several thermal
ageing fac tors , and th i s i s one of the f ie lds in wich current ideas w i l l change in
a near future . . . This development w i l l no doubt leave aside too quant i f ied notions
and turn toward a more f lex ib le concept of l i fet ime and ageing t e s t condi t ions .

Sismic t e s t method using synthe t ic accelerograms - This method i s su i t ab le
to mono or b i - a x i a l t e s t s with separate inputs . The accelerogram, describing the
accelera t ion var ia t ions in re la t ion to time, i s obtained through dampened sinusoids
syn the t i s . To determine the control s ignal to be introduced a t the t e s t bench input ,
the t ransfer function of the l a t t e r has to be taken in to account ; t h i s function
i s obtained during a preliminary t e s t when the bench i s pulse driven. The Test
Response Spectrum i s reckoned from the table movement recording and compared to
the Specified Response Spectrum for t e s t va l ida t ion .
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Exposure to radiations - The three main factors allowi. definition of the
test are described below. (1) The radiation source is a Couait 60 one. Under
normal operation, the equipment is indeed subject to a mixed gamma-neutron radia-
tion flux,but it would offer but little interest to reproduce this flux and its
spectrum considering, on one hand, the low neutron part and, on the other, the
low influence of gamma energy on the resulting degrading effect. In the case of
an accident, a sufficient shielding prevents the equipment from beta rays degra-
dations. This technically easy solution enables reproducible tests.
(2) The selected dose rates are low, for the oxygen dissolved in the polymers
can be replaced by diffusion at the same time it is consumed by chemical reac-
tions. Thus, resulting alterations are identical with those that occur under
normal operation or might occur during a post accidental period.
(3) A 70°C test temperature is specified in order to avoid an accumulation of
peroxide in the polymers and keep close to the actual development.

Thermodynamic profile of an accident - A survey of the various possible
accidents shows that a single environment, made of the envelope of the two most
serious accidents, may be considered : Loss of Coolant Accident and Steam Line
Break. Recent French investigations led to the results given hereafter.
The stresses applied to the equipment during an accidental phase are governed
by two physical quantities : overall pressure and thermal flux. When the
accident starts, the equipment gets covered with a film of water, the temperature
of which, at the film/air-steam mixture interface, is equal to the dew point
temperature ; the heat exchange, therefore, takes place with condensation.
The thermal flux is then governed by the dew point temperature, hence by the
partial steam pressure, and is independant from the steam overheating tempera-
ture. If the environment is overheated for a long time, the equipment surface
temperature gets closer to the dew point and the water film can dry up by
evaporation. The nature of heat exchanges then changes. This stage is, neverthe-
less, never reached, since sprinkling brings the steam back to a saturated state
before the equipment surface, even with a low thermal inertia, can reach the
dew point.
With regard to space heterogeneities the containment is divided in two areas : the
hot cell, in which the burst occured and the remaining part of the enclosure,
which is the only one considered in the following. While the overall pressure
may be considered as homogeneous inside the reactor building, this is not
so with the temperature and composition of the air-steam mixture when the
accident starts, since local overheating can reach 40° C ; this homogeneousness
is only effective after sprinkling has started. To avoid reasoning on the
equipment position, it is assumed that it is subject to a pure steam environment
before sprinkling starts, which is very conservative as regards its thermal
stresses.
The curves shown in figure 1 were elaborated first by reckoning the overall
pressure envelope of the pressure curves given by the PAREO code for the French
900 MW and 1300 MW plants, the other factors being deduced by computation.
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TEST FACILITIES

The irradiation exposures will be carried out in the CAPRI installations
(Saclay Nuclear Study Centre) ; some in the hot cells of "PAGURE" gamma-ray source
with a 7,4 10H Bq (2 10* Ci) activity or "POSEIDON" gamma-ray source, for large
equipment and high dose rates, with a present activity of 7,4 1C-15 Bq (2 10^ Ci)
and a capacity of 3,7 1017 Bq (1O7 Ci). The others will be run in an enclosure,
fitted inside Poseidon pool, specially assigned to this type of test (figure 2).
Its inner dimensions are : 2.6 m long, 1.58 m wide and 1.9 m high and the maximun
inner temperature is 70°C. Variable geometry and activity source planes are d i s t r i -
buted on either side of the enclosure, which is connected to the open via a pipe
for measurements and fluid supply. A preliminary test , in which the dose rate is
measured in various points, allows drawing of a sensitive volume map. The equipment
can then be arranged to reduce as much as possible the heterogeneities.

The laboratory selected for sismic tests is SOPEMEA (Company for the develop-
ment of space equipment) in VELIZY-VILLACOUBLAY. To comply with some specifications,
demanding that equipment be subjected to a bi-axial test with separate inputs,
Sopemea Laboratory increased i t s test means by building two new bi-axial tables, one
of 300 kN, with a size of 3 m x 3m and a maximum load of 100 kN, and the other of
40 kN, with a size of 1 m x 1 m and a maximum load of 4 kN. The detailed specifica-
tions of the installations are given in table I . On the other hand, Sopemea acquired
digital control consoles to drive the tables with multi-frequencial signals (synthetic
accelerograms, noise a .s .o . ) , and digital acquisition consoles to record the response
spectra. A 3-phase, 50 Hz, 1-10 kV, 1250 kVA power supply panel allows off-load opera-
tion of the motors and other equipment units to be qualified, during the earthquake
resistance tests.

The testing mean developed in order to reproduce accidental thermodynamic and
chemical stresses is KALI loop fitted in Cadarache Nuclear Study Centre. The
installation essentially consists of two cylindrical enclosures and of common supply
and draining systems for water, steam, air and spraying fluid. The inner volumes are
12 m3 for the former (horizontal axis) and 27 m3 for the latter (vertical axis).

Either one or the other vessel is used at a time. Figure 3 shows KALI loop schematic
diagram.

Before the beginning of the test , the 50°C specified temperature is obtained
by blowing hot air through the enclosure. The test starts with steam injection and
circulation ; pressure and dew point temperature inside the vessel as alsc steam
temperature at the inlet and oulet are measured during this phase. The spraying
system, started 2 minutes later, enables temperature control inside the vessel.
Pressure is regulated by injecting either steam or compressed air when too low and
by openning the exhaust valve when too high. The specified curves of temperature
and pressure versus time are reckoned by a programmable logic controller that
implements the whole regulation of the loop.
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Figure 2

CAPRI LABORATORY IN SACLAY NUCLEAR STUDY CENTRE : Poseidon hot cell

Hot cell ; inner volume
5x5x5m
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Figure 3 - KALI loop : schematic diagram
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Table I

TESTING TABLES OF THE SOPEMEA LABORATORY IN VELIZY VILLACOUBLAY

Tests of resistance to earthquakes

SOPEMEA

TABLE REFERENCE

Force (KN)

Size of the auxiliary
table (in)

Table weight (T)

Maxitaum weight
of specimens (T)

Modality. Axis
Direction

Max, displacement

(mm)

Maximum speed
(m/sec)

Max. acceleration
off loard (g)

Frequency (Hz)

Max. height of
specimens (m)

A B C

300

3 x 3

4 4 7,5

10

single
H

220 with 300
KN generator
500 with 200
KN generator

1,2

7

0,1 - 100

6,50

single
V

220

1,2

7

0,1 - 100

9,40

dual
H - V

220

1,2 monoaxial
0,6 biaxial

4

0,1 - 100

6,00

D E F G

40 2 0 0 or
300

1,2 x 1,2

0,6

1,2 x 1,2

0,8

2

single
H

220

1,4

7

0,1 - 100

7,00

single
V

220

1,4

5

0,1 - 100

6,30

1 X 1

0,4

0,4

dual
H - V

220

1,25 mono-
0,6 biaxial

10

0,1 - 100

6,80

2 x 2
3 x 3

1
4

10

single
H

220

1,2

12
7

0,1 - 100

14
13,5

I
o
00
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QUALIFICATION OF SOME ELECTRONIC COMPONENTS.

James F. Gleason, P.E.
Wyle Laboratories

Scientific Services and Systems Group
Huntsville, Alabama 35807

ABSTRACT

Qualification of safety-related systems as implemented by
IEEE 323-1974, "IEEE Standard for Qualifying Class IE Equip-
ment for Nuclear Power Generating Stations," requires that the
impact of aging be assessed- Where aging is significant, arti-
ficial or natural aging procedures are used to put the system
in its end-of-life condition. However, for many components
which are providing safety-related functions, aging is insigni-
ficant to the ability of the component to be able to perform its
safety-related function. This abstract summarizes some of the
analyses which have been performed by Wyle .Laboratories on spe-
cific electronic components to address the significance of aging.
The analyses include review of applicable military specifica-
tion tests, manufacturers' tests, and other qualification programs.

INTRODUCTION

Safety-related equipment in Nuclear Power Generating Stations must be
qualified to the industry standard, IEEE 323-1974, "IEEE Standard for Quali-
fying Class IE Equipment for Nuclear Power Generating Stations" as endorsed
by the U. S. Nuclear Regulatory Commission's Regulatory Guide 1.89. These docu-
ments require that it be demonstrated that safety-related equipment can perform
its function throughout its qualified life. Normally, this is accomplished
by placing the equipment into its worst state of deterioration and then demon-
strating that it can still perform its safety-related function through all of
the applicable Design Basis Events.

The phenomenon of an item deteriorating with time is referred to as
aging, which is a very important element of qualification. The standards
allow this element to be addressed by using naturally aged equipment, arti-
ficially aged equipment, or analysis.

This paper will limit its discussion to time/temperature effects aging
analysis of specific electronic components. Certain types of electronic
components, such as the integrated circuits and transistors, to be discussed,
have been scrutinized by the manufacturers, military organizations, or inde-
pendent contractors in order to assess the aging mechanism of time/temperature
effects. This data is presented here to demonstrate that this aging mechanism
is insignificant for some electronic components.
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ANALYSIS RATIONALE

The time/temperature effects aging mechanism is not a significant failure
mechanism for certain electronic components in controlled environments in Nuclear
Power Generating Station*. This is because the aging of certain electronic
components< applied within their design rating, occurs at such a low rate that
its effect on the failure rate is undetectable for durations in excess of the
maximum desired qualified life of 40 years.

To illustrate the failure rate history of these electronic components,
refer to Figure 1, Failure Rate Curve. The failure rate curve, as defined by
Miller [1] is typical for many components. The curve is divided into three
parts. The first part is characterized by a decreasing failure rate and repre-
sents the period commonly referred to as the "infant mortality period." It is
common in the electronics industry to "burn in" components prior to actual use
in order to eliminate early failures. The second part of the curve, which is
often characterized by a constant failure rate, is normally regarded as the
period of useful life. During this period, only chance, or random, failures
occur. The third part of the curve is characterized by an increasing failure
rate and is the period during which components fail primarily because they are
worn out.

During the time when the failure rate is constant, there is no statistically
significant difference in failure rate as a function of time. Thus, there can be
significant age-related failure mechanisms. Another way of stating this is that
the change in failure rate over time is zero. A constant failure rate is character-
istic of an exponential distribution of failures. If a component with an expo-
nential failure distribution has survived to a point in time, the probability of
survival for the next increment of time is the same as if it had just been placed
into service. A decreasing failure rate is characteristic of the Weibull Distri-
bution with Beta<l. If a component with a Weibull Distribution (B<L) has sur-
vived to a point in time, the probability of survival for the next increment is
greater than if it had just been placed into service.

A constant or decreasing failure rate of a component during the life of the
plant is equivalent to its exemption from aging. This is true since, in its
unaged condition, it has the same, or higher, probability of failure for constant
or decreasing failure rates, respectively.

Many sources contain failure rate information for electronic components.
MIL-HDBK-217C, "Reliability Prediction of Electronic Equipment" and individual
manufacturers' test data are the most common sources. It will be shown that
many electronic components have constant or decreasing failure rates for the
time period under consideration, 40 years.

The following define some studies which have been made of the potential
failure mechanisms for electronic components. A common element is that the
time/temperature-dependent mechanisms have been characterized and activation
energies determined for the mechanisms. Consequently, reliability testing has
been performed on the component as well as the assembly level. A portion of
this testing consisted of accelerated thermal aging of the components. Ifois
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is done using Arrhenius techniques. This testing of electronic components to
greatly accelerated conditions, as defined by the most conservative acceleration
factor (i.e., the smallest applicable activation energy, typically 0.4 to 0.5 eV)
has resulted in the conclusion that no evidence of wear-out was experienced. Wear-
out failures, as the name implies, occur when wear-out takes place, both physi-
cally and electrically, at the end of a device's useful life. Statistically, this
will not happen until hundreds of years have elapsed for electronic components,
semiconductors, and whole printed circuit assemblies, as is evident from the
following studies.

Integrated Circuits - The conclusion that aging is insignificant to some
integrated circuits is justified as follows.

A study [2] sponsored by the U. S. Army Missile Command to determine the
storage reliability of missile material focused on monolithic, bipolar, small-
scale integration (SSI) and medium-scale integration (MSI) digital integrated
circuits.

Fifteen billion hours of storage cr non-operating data were gathered,
together with an additional 170 million hours of high-temperature storage test
data. Individual devices experienced the degradation equivalent of over 17,500
years at 40°C, calculated using Arrhenius techniques.

One of the conclusions of the report was a failure rate model which assumed a
constant failure rate over the device storage period. This assumption was investi-
gated.

Analyses were performed for differences of device complexity, packaging,
aging, quality level, logic type, use temperature, die attach method, and glas-
sivation.

Existing operational failure rate data sources were reviewed. Average oper-
ating to non-operating failure rate ratios were calculated and range from 0.5 to
14.

High-temperature storage data included durations of 1,000 hours to 2-1/3 years.

Dormancy and cycling effects were investigated. One thousand (1,000) IC's
had been tested for 18 months with the following test profile.

Group Profile

1 160 units, 2 days off, 1 hour on

2 160 units, 4 days off, 1 hour on

3 160 units, 7 days off, 1 hour on

4 160 units, 9 days off, 1 hour on

5 160 units, 12 days off, 1 hour on

6 200 units, control group, continuously operating

No failures were noted.
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The conclusion of the report was that no significant trend was apparent from
the data to indicate that the failure rate was not constant.

Another study [3] reports on the results of high-temperature operating life
tests and high-temperature storage life tests. The results of these telsts show
that the constant failure rates of integrated circuits, even large-scale integrated
(LSI) devices, are valid in excess of 40 years.

This report concerns the Signetics Field Programmable Read Ogly Memories
(PROM's). A quantity of 653 PROM's amassed a total of 1.006 x 10 equivalent
device hours (approximately 11,500 years) based upon an activation energy of 0.41
eV at 25°C, with zero failures. Of the 653, 47 had each been subjected to equiva-
lent device hours of 370,000 hours (approximately 42 years) at 25°C.

Another report [4] describes reliability tests and field results. For the
reliability tests, a quantity of 2,016 of Intel's 8080 Microconpute.r (a micro-
processor type of integrated circuit) amassed a total of 7.84 x 10 equivalent
hours (approximately 9,000 years) based upon an activation energy of 0., 5 eV at
25°C, with three failures. Two of the failures occurred during a 48-hour burn-
in at 125°C prior to life testing. The other failure occurred during the first
168 hours of life test at 125°C. Of the 2,016, 74 had each been subjected to
400,000 equivalent hours (approximately 46 years) at 25°C, with zero failures-
From the field results, the total devices reported on were 100,000 devices which
had accumulated 1.3 x 10 hours with 8 failures.

In addition, Intel reports [5] on the Intel 2107A/2107B N-Channel Silicon
Gate MOS 4K RAMS report the results of high-temperature bias tests, dynamic burn-
in tests, high-voltage cell stress tests, and system life tests which consisted
of dynamic life tests at 125°C/ continuous life tests at 70°C, and rotating life
tests at, 70°c, while mounted in P.c. boards which wore exercising the devices
with selected data patterns. The number of 2107B units tested was 2,699. The
equivalent cumulative test time at 25°C, using an activation energy of 0.3, is
5.7 x 10 hours, with 5 failures. The number of 2107A units tested was 1,827.
The equivalent cumulative test time at 25°C, using an activation energy of 0.3,
is 1.8 x 10 hours, with 4 failures.

Integrated circuit manufacturers typically have reliability programs which
continually assess the reliability of their products, both commercial as well
as military. If they are supplying devices which meet military specifications,
then they are required to be qualified to MIL-M-38510, Military Specification
for Microcircuits. MIL-M-38510 is a rigorous program designed to assure high
quality and reliability. To become qualified, a manufacturer must demonstrate
that the device can withstand rigid mechanical (including variable frequency
testing), environmental, and life tests. The life tests assure failure rate
compliance.

An example of integrated circuit manufacturer reliability programs which
apply to commercial devices, i.e., not MIL-M-38510 qualified, is exemplified
by Signetics1 SURE II/883B Qualification Program [6]. The Signetics SURE
(Systematic and Uniform Reliability Evaluation) program has been in existence
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since 1963. Signetics states, "The SURE program is designed to monitor the
continuing uniformity of all Signetics products and to demonstrate via periodic
qualifications that Signetics products meet or exceed the stringent long-term
reliability requirements of their intended applications." The Signetics product
line includes TTL, Schottky, Low Power Schottky, IIL, ECL, NMOS, DMOS, and
Linear Devices, packaged in plastic, ceramic, metal-can, and flat-pack devices.
The qualification test results for the period 1975 through 1979 were reported
by Signetics in August, 1978 [7]. Signetics reports, "The results show that out
of over 24,000 devices that were tested, less than 1% failed to meet the SURE II
acceptance criteria at the conclusion of the accelerated stress tests. The
devices that are used in the SURE II stress program are Signetics standard off-
the-shelf products that have not received any special screening tests. As a
result, these tests are indicative of the high quality and reliability of Signetics
products."

Another report [8] describes a recently conducted program which compares
accelerated aging tests and real time aging performed on approximately 6/800
parts and subassemblies. The items in this study included integrated circuits,
as well as transistors, diodes, capacitors (ceramic, mica, plastic, and tantalum),
and resistors (carbon composition, wire-wound, fusible, and metal/cermet). Fail-
ure analyses were performed on failed devices. The failure analyses states, "All
components which failed during accelerated and real time aging were submitted to
the failure analysis laboratory to identify the exact mechanism of failure.
Twelve (12) failure modes occurred as the result of accelerated aging and, in
all cases, the mechanisms were identical to those observed on samples which were
subjected to real time aging. Six (6) of the mechanisms resulted from inadequate
design. The remaining six (6) were directly attributable to that small percent
of anomalies which are manufactured into mass-produced electronic parts and are
commonly classified under the broad category of poor workmanship."

The conclusion of this report states, "A statistically significant sample
of Copperhead projectile components has been subjected to accelerated aging
using the Arrhenius relationship to determine test duration. The twelve (12)
failure mechanisms from accelerated aging were also observed after real time
aging so the methodology employed did not overstress the devices. Corrective
action consisting of redesign and improved process control resulted in elimina-
tion of ten (10) of the anomalies identified. Integrated circuit lead corro-
sion was judged not to be a problem at the printed circuit card level and the
small degradation in plastic material ductility was not significant to the
application."

Transistors - In addition to report [8], the following are presented.

A General Electric report [9] reports on the experience obtained at the
General Electric Semiconductor Products Department, Syracuse, New York. This
paper reports on the results of long-term tests and several product line relia-
bility monitoring tests on devcies manufactured during 1967 and 1968. The
report states, "Accelerated stresses have been utilized on a number of reliabi-
lity improvement programs. The chief advantage of using these tests is that it
is possible to determine in a short period of time the probability of success-
ful application of electronic components in long-life systems. A review of the
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normal failure pattern includes the early failure period of workmanship type
failures, the useful life or constant failure rate period, and the wear-out
period, which has not been established for semiconductors. The assumption of
constant failure rate during useful life is normally quite conservative since
semiconductors under test/ and in most applications, have demonstrated a
decreasing failure rate."

In addition, the report contains the conclusion, based upon a Weibull
plot of accelerated power stress, "As seen in the graph, a of less than one
was obtained, which demonstrated that these devices had a decreasing failure rate.
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ABSTRACT

The radiation aspect of reactor equipment qualification depends on a
knowledge of the appropriate source term. An attempt has been made to
define a realistic radiation source corresponding to the loss-of-coolant
accident. This "best-estimate" source is based on available fission product
release data from damaged fuel during an unterminated LOCA as described
in the Reactor Safety Study (WASH-1*00). Energy release rates as a
function of time have been calculated for both betas and gamma rays. The
results are significantly different from the sources specified in Regulatory
Guide 1.89. Spectra corresponding to the best-estimate source have also
been computed at selected cooling times.

INTRODUCTION

The radiation aspects of equipment qualification have undergone careful scrutiny
in the past few years, particularly with regard to the loss-of-coolant accident (LOCA).
The appropriate radiation source term is a key factor that must be understood if
judgments are to be made concerning the adequacy of a qualification testing program.
At the present time the "official" LOCA radiation source term is specified by
U.S.N.R.C. Regulatory Guide 1.89 [ l ] . A newer draft version of the Regulatory Guide
[2j that specifies two different sources has also been widely used. A considerable
amount of argument over this source term has resulted in several attempts to improve
the source description, but in fact has resulted in no agreement and no updated
Regulatory Guide. This has also contributed to the confusion in the industry about the
entire radiation qualification activity.

In this paper we describe an alternative LOCA source description that we suggest
as a replacement for Regulatory Guide 1.89. This new source, which we call the "best-
estimate" source, is based on the best available information concerning fission product
release during an unterminated LOCA. Throughout this work we compare the "best-
estimate" source parameters with the Regulatory Guide 1.89 source quantities and
discuss the implications that the differences may have on a qualification program.
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ACCIDENT SCENARIO AND SOURCE DEFINITION

The unterminated LOCA scenario, upon which the best-estimate source is based,
is a time-dependent release that evolves through several distinct stages from accident
initiation through core meltdown and beyond. In contrast to the Regulatory Guide 1.89
source, which is assumed to release all fission products instantaneously at the time the
accident is initiated, the best-estimate release is more or less continuous, and follows
the time dependence of the postulated fuel failure mechanisms. Our description follows
the sequence of events described in the Reactor Safety Study [3] . It is convenient to
categorize the release in terms of four release components: gap release (fission product
release which occurs when claddings experience initial rupture, consisting mostly of
activity that was released to void spaces within fuel rods during normal operation);
meltdown release (fission product release which occurs from the fuel while it first heats
to melting and becomes molten); vaporization release (release occuring after large
amounts of core material fall into the reactor cavity from the pressure vessel);
oxidation release (release which occurs just after and as a result of a steam explosion
event in which finely divided fuel material is scattered into an oxygen atmosphere,
undergoes extensive oxidation and liberates specific fission products). The four release
components are expected to occur sequentially during an unterminated LOCA.

The time dependence ot the individual release components was adopted from the
Reactor Safety Study (RSS) [3]. The gap release was taken to follow a linear fuel rod
failure rate starting at 30 s after LOCA initiation and reaching 100 percent failure at
150 s. The meltdovn release was also assumed to follow a linear time dependence
starting at one minute and reaching 100 percent release at 30 minutes. The latter value
is a conservative* estimate for complete melting of the core; the RSS estimates that it
could take up to two hours. About one hour after the core is molten the pressure vessel
will fail. The interaction of molten core and steel with oxygen and products of
concrete decomposition leads to the vaporization release • component. Following the
RSS, a single exponential time dependence was assumed with a characteristic release
half-time of 30 minutes, and assumed to begin 60 minutes after meltdown is completed.
The steam explosion could potentially occur any time (if it occurs at all) after
appreciable amounts of the core have melted. For the present analysis we placed the
oxidation release at the beginning of its range and assumed it to be instantaneous. The
timing of the releases is shown in Figure 1.

INITIATION OF LOCA

SLOWDOWN REMOVAL OF WATER IN CORE (5 TO 10 SECONDS)6. ._.
r RELEASE UNCERTAINTY " "" j MELTDOWN RELEASE

VAPORIZATION RELEASE|^

-if-
1.0 2.0 3.0 5.0

RT-16934 TIME AFTER ACCIDENT (HOURS)

Figure 1. Time sequence of fission product release for an unterminated
LOCA without emergency core cooling.

•Conservative here is taken to mean leaning toward the position that leads to the
largest or worst-case source.
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The inventory of fission products in the core at the time of a postulated accident
is a function of the fuel composition and irradiation history. For the present study it
has been assumed that the reactor was at full power operation for 10 s, or a little
more than three years, without fuel reloading. This is an extreme case and represents a
very conservative upper limit on the inventory of fission products. In previous studies
of the Regulatory Guide 1.89 source term [*], the effects of capture and depletion
were found to be insignificant, and thus these parameters were not investigated for the
best-estimate source.

For each of the four release components, fractions of each of the chemical groups
released were established from a review of the RSS data and from data published
subsequent to that work. A summary of the best-estimate release fractions deduced
from that effort is given in Table I. The numbers in the table represent fractions of the
inventory at the time of the accident integrated over their corresponding release times.
We show both a nominal value that represents the "best-estimate" and also upper and
lower limits. These limits represent the range of expectable values for each fraction;
however, no confidence levels have been assigned to these limits. A more complete
discussion of these results and their justification are given in Reference 6.

Table L Best-Estimate Fission Product Release Fractions

Noble Cases
(Xe, Kr)

Halogens
(1, Br)

Alkali Metals
(Cs, Rb)

Tellurium Croup
(Te, Se, Sb)

Noble Metals
(Ru,Rh,Pd,Mo,Tc)

Alkaline Earths
(Sr.Ba)

Rare Earths
(Y,La,Ce,Nd,Pr,
Eu,Pm,Sm,Np,Pu)

Refractories
(Zr, Nb)

Gap Release
Lower

Nominal Limit

0.030 0.010

0.017 0.001

0.030 0.004

0.0001 3xlO'7

_ _ .

lxJO'6 3xlO~9

—. —

— —

Upper
Limit

0.12

0.20

0.30

0.04

—

0.0004

—

—

Meltdown Release

Nominal

0-873

0.SS5

0.760

0.150

0.030

0.100

0.003

0.003

Lower
Limit

O.4S.5

0.492

0.380

0.05

0.01

0.02

0.001

0.001

Upper
Limit

0.970

0.983

0.855

0.250

0.10

0.20

0.01

0.01

Oxidation Release

Nominal

0.087

0.088

—

0.510

0.873

—

—

T.ower
Limit

0.078

0.078

—

0.340

0.776

—

—.

—

Upper
Limit

0.097

0.098

—

0.6S0

0.970

—

—

Vaporization Release

Nominal

0.010

0.010

0.190

0.340

0.005

0.009

0.010

—

Lower
Limit

0-010

0.010

0.190

0.340

0.001

0.002

0.002

—

Upper
Limit

O.OJ0

0.010

0.190

0.340

0.024

0.045

0.050

—

aNote; Recent values of the gap release measured at Oak Ridge National Laboratory £5) are significantly lower. For the stable and long-
lived members of the chemical groups they report 0.0127 for the noble gases, 0.00053 for the halogens, and 0.00025 for the alkali metals.

Compared to the Regulatory Guide sources the best-estimate source has a much
larger fraction of the alkali metals, tellurium group, noble metals, and alkaline earths,
but a smaller contribution from the rare earth and refractory groups.

ENERGY RELEASE RATES

It is necessary to translate the source description given in terms of fractions of
the fission product inventory into energy release rates of gamma rays and beta
particles. The time dependent nature of the best-estimate source must also be
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considered. Several fission product : wentory codes are available for generating energy
release rate data. For the present work the code RIBD-II [7] was used with
modifications that allow selection of specified fractions of each fission product type.
Changes were also made to handle the time dependence of the releases. The
ENDF/B-IV fission product data library [8] was used with RIBD-II.

The energy release rates for each of the four release components were calculated
for both betas and gamma rays. The uncertainties in each component introduced by
substituting the upper and lower limits of each release fraction were also calculated.
The results for gamma rays is shown in Figure 2. The figure shows each of the
components as a function of time after LOCA initiation. Clearly the meltdown
component is the most dominant throughout the time region shown. The total energy
release rate is obtained by superposition of the individual components. Similar results
for betas are shown in Figure 3.

nil

JO
-A

o

o

10'

TOTAL BEST ESTI
MATE GAMMA

GAP

MELTDOWN

OXIDATION

VAPORIZATION

10"1 10° 101

RT-171M

I 1 I I
102 103 10* 105

TIME AFTEP LOCA (SECONDS;

106 107 106

Figure 2. Gamma-ray energy release rate for "best-estimate" source
showing each of the constituents.

It is interesting to compare the best-estimate energy release rates with the
Regulatory Guide 1.89 source release rates. For the latter, the airborne, plate-out, and
waterborne components were combined to give a single energy release rate. Such a
comparison is shown in Figures * and 5. These figures also show the uncertainty bounds
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Figure 3. Beta energy release rate for "best-estimate" source showing
individual components and total energy.

on the best-estimate source calculated from the upper and lower release limits. The
most significant difference between the Regulatory Guide and best-estimate sources is
in the early time region. The built-in time dependence of the best-estimate source
gives very little release until a few minutes after the LOCA has been initiated, whereas
the instantaneous release prescribed by the Regulatory Guide gives a large contribution
in the early minutes. The two sources become equal after about one hour, after which
the best-estimate is the dominant source. The complete tabulated numerical results of
these calculations are given in Reference 9.

SOURCE ENERGY SPECTRA

Another important way to characterize a radiation source is in terms of its energy
spectrum. Spectra of betas and gammas rays from the best-estimate sources have been
computed at selected cooling times following the postulated LOCA. The method of
calculation is identical to that used previously for the Regulatory Guide sources [*].
The concentrations of all the fission product nuclides of interest are tallied by RIBD- II
as described earlier. At the cooling time of interest the concentrations are folded with
the individual decay spectra of the nuclides and the results summed. The result is a
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Figure 4. Total Regulatory Guide 1.89 (source 1) energy release rate
for gamma rays compared to best-estimate release rate
and its uncertainty bounds.

composite spectrum representing the fission product source at the selected cooling
time. Results were calculated for both betas and gamma rays.

The best-estimate spectra shapes are very similar to those of the Regulatory
Guide sources. For purposes of comparison we combined the airborne, plate-out, and
waterborne components of the latter source to give a single spectrum. The results are
shown in Figure 6 for gamma rays. The beta spectra are not shown, but are very similar
for the two cases. Cooling times of one minute and one day have been selected for this
comparison.

DISCUSSION

We have attempted here to describe a realistic approach to defining a radiation
source description of the unterminated loss-of-coolant accident. This source has as its
basis models of fuel failure and corresponding fission product release- The magnitude
of the source is most certainly very conservative, but it provides a framework for
future modification as new data concerning fission product release become available.
The most important difference between this and previous source descriptions is the
time-dependence of the release. The Regulatory Guide descriptions always are assumed
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_TOTAL REGULATORY GUIDE i.89

BEST-ESTIMATE

BOUNDS ON BEST-
IEST1HATE

10" 10J 10" 103

TIME AFTER LOCA (SECONDS)

10 10' 10°

Figure 5. Total Regulatory Guide 1.89 (source 1) beta energy release rate
compared to the best-estimate release rate and its uncertainty
bounds.

to be instantaneously released rather than to follow a time-release sequence. The
result is that one gets very high initial energy release rates (and doses) in the early part
of the LOCA.
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ABSTRACT

This paper presents the results of a pilot program initiated by Sandia
Laboratories under the Department of Energy, Light Water Reactor Safety
Research and Development Program. The program was conceived as a result
cf earlier LWR safety <»id reliability studies which indicated that a
substantial number of plant trip incidents were caused by failure of
system components such as valves. The specific objectives of this pro-
gram are: 1) to identify the principal types and causes of failures in
valves, valve operators and their controls and associated hardware,
which lead to, or could lead to plant trip, and, 2) to suggest possible
remedies for the prevention of these failures and recommend future re-
search and development programs which could lead to reducing these valve
failures or to mitigating their effect on plant operation.

The data surveyed covers incidents reported over the s^x-year period,
beginning 1973 through the end of 1978. Three sources of :r.formation on
valve failures have been consulted: 1) failure data centers, 2) partic-
ipating organizations in the nuclear power industry, and 3) technical
documents.

The results of this study indicate that frequent failure modes in valves
include lack of leak tightness in both stem packing seals and valve
seats, and operational malfunction resulting from problems with actua-
tors, their power controls and instrumentation. The failure data ana-
lyses results are presented in tabulated form and a discussion of the
information obtained from the three data sources is included.

Recommendations am presented for future programs. Included is a state-
ment of the objectives and a description of the major elements of the
programs.

INTRODUCTION

Background

It has been observed that valves used in commercial nuclear electric power generation systems account for a
significant proportion of component failures which interrupt electrical generation or affect plant operation
due to the increased maintenance work load during scheduled outages. A survey of reported valve failures,
conducted by the Nuclear Safety staff from a 1973 Reactor Operations Experience report by the AEC Office of
Operations Evaluation [l]for the period 1967 to 1972, indicates a rate of 2.5 to 2.8 failures per plant per
year. These failures were found to be caused by deficiencies in design, fabrication, installation, operation
and maintenance and manifested themselves primarily in the form of lack of leak tightness and improper
operation.

Independent reviews of licensee reports submitted to the U.S. Nuclear Regulatory Commission (NRC) during
the years 1976 and 1977 L2] indicate that: approximately twenty percent of the reportable occurrences for each of
those years were accountable to valve failures for each year. The more recent data shows indications that the
incidents of valve malfunction may be increasing rather than decreasing.

Structural failures of valve pressure boundary parts are so infrequent that their effect on plant operat-
ing and maintenance time is virtually negligible. Structural failures of other valve parts occur a bit more
frequently but contribute only slightly to overall plant down time. The reason for this relatively low
incidence of structural failure can be attributed to the provisions of the applicable codes and standards,
federal regulations and a long history of successful manufacturers' practices. However, these structural
integrity principles are specifically directed to assurance of pressure boundary integrity of a passive
structure and provide little or no assurance that the valve will perform its mechanical function when called
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upon to do so.

Some guidance for operabiiity assurance is provided in NRC Regulatory Guides C3] and Standard Review Plans
C4D and testing requirements to verify operational readiness are contained in the ASME Code, Section XI, Rules
for Inservice Inspection [53. Yet experience indicates that valve malfunction continues to be a leading cause
of interruptions to electrical generation and the source of a substantial amount of maintenance work performed
on operating nuclear power plants.

PROGRAM DESCRIPTION AND RESULTS

The present study £6], initiated by Sandia Laboratories under the Department of Energy Light Water Reactor
(LWR) Safety Research and Development Program, had the following specific objectives:

1) to identify the principal types and causes of failures in valves, valve operators and their controls
and associated hardware, which lead to, or cculd lead to plant trip. Plant trip, as used herein,
refers to any interruption of electrical generation;

2) to suggest possible remedies for the prevention of these failures and recomnend future research and
development programs which could lead to minimizing these valve failures or to mitigating their
effect on plant operation.

Three sources of information were used:

1) data files such as the NRC Licensee Event Reports (LER) and the Nuclear Safety Information Center
(NSIC),

2) participating organizations in the nuclear power industry such as NSSS vendors, valve manufacturers,
utilities and nuclear power stations, and

3) technical documents.

Failure Data Files

The data surveyed covers incidents reported over the six-year period, beginning 1973 through the end of
1978 and is retrievable from computer files in the form of approximately one hundred word abstracts [ 7].

Two significant limitations exist in the use of these data sources for the purpose of interpretation and
evaluation of the failures.

First, the event descriptions are prepared by personnel at each individual plant site and must be
transmitted to the NRC promptly. More detailed follow-up information is not always included in the LER
description. Therefore, a large variation exists in the amunt and detail of the information provided. This
makes the analysis of the data difficult and some judgment and deduction is necessary in identifying root causes
of the failure.

Second, only those failures which affect safety-related systems are filed in the data banks. (Safety-
related systems are those systems necessary to ensure the capability to shut down the reactor and maintain it in
a safe shutdown condition, or to prevent or mitigate the consequences of accidents that could result in
potential offsite exposures to radiation.) However, plant trips are known to occur as a result of valve failures
in other than safety-related systems and none of the available data sources presently contain failure informa-
tion for these systems.

For purposes of analysis of this data, valve failures were classified and defined as follows:

1) structural - refers to failure of pressure retaining parts and attachments and/or parts which
transmit or apply operator loads,

2) excessive leakage - refers to leakage of valve seats, stem packing, gaskets and other seals in excess
of the rates permitted for the application,

3) operational malfunction - refers to loss of capability to perform intended function or initiation of
undesired function, and

4) procedural - refers to failure as a direct result; of procedural error in construction, operation or
maintenance.

The valve related failures identified in this study numbered 138. Of these, 62X occurred in BUR plant
systems and 38S in PUR systems. The major types of failures and their incidence are as follows: leakage 44X,
operating malfunction 37X, procedural lit and structural 8*. Of the leakage failures, 49X were attributed to
failure of the stem packing seal and 48% to leakage past disc seating surfaces. It should be noted that thres-
quarters of the total number of seat leakage failures are Attributed to safety valves. However, most of these
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• elate to pilot valve actuators whose secondary effect is to actuate main disc opening. Therefore, the
incidence of plant shutdown initiated by main seat leakage is small, about 1M. This is consistent with the
opinions expressed by utility and valve vendor personnel that shutdown from power operation doe to main seat
leakage is not a common occurrence. Further discussion on this point is included under Industry Parties.
Procedural errors consisted of improperly installed gaskets or parts, improperly set switches and errors in
disc position settings during or after Maintenance and testing.

Three incidents of defective or failed stem packing were identified. However, the apparent cause of most
stem packing leakage failures 1s attributed to limitations in sealing life due to wear. Although the data did
not indicate the effect of stem orientation, discussions with valve suppliers and plant maintenance personnel
indicated off-vertical installations reduce packing life significantly.

The majority (76X) of disc seat leakage failures occurred in safety/relief valve applications with the
remainder being distributed between control/regulation, isolation and check valves. Failure of the valve disc
to reseat after blowdown accounted for 18% of safety/relief valve failures. Leakagr past pilot valve seats was
the most comton mode of failure (53%). However, at least 30 X of these could be iden fied to occur on valves of
one specific supplier. The most common failure mode reported for isolation valves was stem packing leakage
which accounted for 40% of all isolation valve failures. Table 1 summarizes the data analysis.

TABLE 1 REPORTED FAILURES BY TYPE AND APPLICATION

Valve Type/
Application

Safety/
Relief
Isolation
Check

Control/
Regulation

Other

Acutator

Instrument

PWR

6

19

2

5

7

11

2

52

BUR

34

19

3

4

9

13

_4

86

Total

40

38

5

9

16

24

6

138

Proc

4

8

2

1

15

Struct

4

5

1

1

11

Pack

15

1

4

10

30

Leakage
Seat

22

2

1

3

_]_
29

Gask

2

2

Ope

10

6

2

5

23

S

51

Operational malfunction resulted from deficiencies in the design and installation of valve parts, actua-
tors, power controls and instrumentation circuits. Typical problems involved failures of elastomer diaphragms,
dirty or leaky air and oil lines, incorrect actuator torque switch or limit switch settings and erroneous
instrument pressure switch indicators. Of the operator malfunction events reported, 45* were caused by failure
of the actuator or actuator parts and 1 M by failure of indicating instruments. Twelve percent were attribut-
able to failures in power control circuit components. Safety/relief valves were involved in 20< of the
operational malfunction events. Causes of safety valve malfunction were improper set point adjustment, pres-
sure switch failures, bellows failures and corrosion or foreign material on valve parts. Of the forty
safety/relief valve failures recorded, 85X occurred in BWR systems.

Industry Parties

It was recognized that ttse information obtained from data banks would provide limited use in identifying
root causes of valve failures. Therefore, supplementary input from a broad spectrum of organizations involved
in the various aspects of nuclear power plant design, construction and operation was needed. The organizations
consulted were:

1) Nuclear Steam Supply System Vendors

a) Pressurized Water Reactor System

b) Boiling Water Reactor System

2. Nuclear Valve Suppliers

a) Safety-Relief Valves

b) Main Steam Isolation Valves

3) The Nuclear Regulatory ComRission

a) Office of Management Information and Program Control
b) Office of Inspection Mid Enforcement
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4) Utilities and Nuclear Power stations

Participants consisted of a variety of personnel engaged in the design, manufacturer, procurement, in-
stallation and maintenance of nuclear valves. In view of the scope limitations, time did not permit examination
of relevant failure records and reports on file at these organizations. Instead, reliance was primarily placed
on the impressions and experiences of the participants.

The discussion which follows addresses th?*e areas which, by consensus, appear to be the most common and/or
most disruptive to electrical generation. Additional comments of general interest assembled in the course of
the discussion are also presented.

Seat Leakage

Valve seat leakage is a universal problem in electric power generation. In nuclear applications, this
problem becomes more acute because of the severe restrictions imposed on permissible leakage rates. Utility
personnel report that this problem occurs most during off power testing, when pressure differentials across the
disc are low. Therefore, it is not a major disruptive factor during plant power operation but it is a major
source of maintenance activity during outages. Opinions of utility personnel attribute this problem primarily
to the severity of leakage limitations and changing leak test requirements coupled with the difficulty in
obtaining leak tight repeatability in valves. In addition, leakage indicated in a gaseous test medium such as
nitrogen is not considered to necessarily indicate excessive leakage under the LWR operating medium.

Containment isolation valves are a continuing problem in the area of seat leakage. These valves, which »re
of the butterfly type, vary widely in size, some as large as forty or more inches in diameter and are designed
with either soft (nonmetallic) or hard seats. Failure rates as high as fifty percent have been experienced
during leak testing of these valves, although one utility indicated that a large reduction in failure rate was
experienced in subsequent test cycles. The opinion was expressed that the leakage problem experienced with
these valves is attributed to their misapplication in an isolation function.

Main seat leak tightness in main steam isolation and feedwater check valves was reported as a major source
of maintenance work. These hard seat valves require long periods of maintenance or repair on site and may
involve removal of bonnets and welding, grinding and lapping of seat surfaces.

Stem Packing Leakage

Leakage through valve stem packing is a common occurrence at operating plants. Improved performance has
been obtained by incorporating changes in packing material and construction, anti-extrusion devices, lubri-
cants, stuffing box design and installation techniques. The trend in packing construction in use is moving from
the compressed laminated rings to the preformed graphite ribbon type. The utility personnel interviewed
unanimously expressed that better results have been obtained with the graphite ribbon type material.

Indications are that installation procedures have some influence on the performance of stem packing seats.
One utility made a strong recommendation that trained permanent personnel be used for all packing installations
and that procedures and history of operation be documented for future evaluation. Packing leakage problems have
been reduced since a program of this type was instituted in this utility's plants.

Other comments made regarding packing leakage are indicated below:

Tightening of packing gland nuts is done primarily by "feel". In general, the higher the service
pressure and temperature for the application, the greater the incidence of leakage problems.
Horizontal stem installations and, to some degree, other nonvertical stem installations experience
more leakage problems than vertical installations.
In some instances, packing replacement has been hampered by failure to consider accessibility in
design and installation.
Translating stem valves appear to be more susceptible to packing leakage than rotating stems, except
that modulating control valves with rotating stems also experience a high degree of leakage problems.
Some plant maintenance crews have successfully applied a process known as "Fermanite", which consists
of a viscous substance injected into the existing packing.

Valve-Actuator-Controls

Problems associated with limit switches and torque switches are a major contributor to plant maintenance.
Reports are that switches move out of adjustment during operation but one utility indicated that, oftentimes,
switches are not properly set, initially.

Problems with operator-valve compatibility exist primarily in oversizing of electric motor operators, ami
failures in valve parts, such as stems and yoke legs, have been attributed to overload by the operator.
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Large loads can be applied to valve parts when the Inertia of the motor-stem-disc system is not taken into
account nn setting of limit and torque switches. Valve operators which are sized for power operation conditions
can cause damage when exercised at atmospheric conditions.

Safety/Relief Valves

Most organizations interviewed had basically the same set of comments regarding safety relief valve
problems, namely:

Set point drift is a basic problem.
A common problem associated with a pilot operated relief valve of one particular design is being resolved.
Qualifying valves under current Section XI requirements is difficult.
Testing under alternative test media is desirable. However, collection and correlation of data is needed.
Facilities with total safety relief valve test capability are needed.
Qualification of safety relief valves should be obtained under two-phase flow conditions.

Problems of General Interest

The misapplication of specific valve types to isolation and flow control functions is a common cause of
problems.
Adequate maintenance tooling is not usually supplied by vendors.
Flushing of lines prior to maintenance reduces personnel exposures.
Greater participation of the power production group during the valve selection stage of plant design
effort is desirable.
Participation of vendor personnel in the maintenance training process is important.
Valve designs currently installed in plant systems oftentimes are subjected to test and service conditions
which are more severe than those for which they were designed.

Technical Documents

The valve industry problems identified in this pilot program based on the data files and industry party
interviews are in agreement with those identified by the other documented studies referenced herein.

The MPR study C 8 ] is based on a broader information base including, in addition to that of the present
study, review of the Semiannual Operating Reports on file at the NRC Public Document Room and review of
operating records made available at olant sites. Among the problem areas reported which are in agreement with
those identified in the present study are:

1) valve stem leakage,
2) fluid tightness across valve seats,
3) compatibility of motor operator and valve and associated control circuits,
4) misapplication of valves for the service intended, and
5) engineering follow-up on specific plant solutions and dissemination of information to other facili-

ties.

The present study assigns a greater emphasis on safety/relief valve problems than is indicated by other
reports. Thus improvements in design and testing which address the comments relative to safety/relief valves
are considered essential.

A one-to-one comparison between the data contained in the Nuclear Safety Study [ 1 ] and the present study
could not be meaningfully accomplished because of the overlapping of time intervals and the independently
established failure categores. However, a general consistency is apparent. Failures have occurred in both PWR
and BWR plants operated and constructed by a variety of utilities and architect-engineer firms. Failure modes
included lack of leak tightness and operational malfunction resulting from problems with actuator power
controls and instrumentation.

CONCLUSIONS AND RECOMMENDATIONS

The major conclusions resulting from the survey of information sources considered in this study are given
below and are followed by recommendations for future programs addressing these problems.

1. Evaluation Center for Industry Valve Problems
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Background:
There appears to be a basic shortcoming in the present practices of the nuclear industry in its approach to
addressing and treating industry valve problems. The resolution of valve problems which interrupt or
threaten to interrupt plant operation is addressed, in general, on an individual basis. That is,
correction of the immediate problem and its related consequences is of primary consideration. Once a
solution is formulated and corrective action initiated, the efforts of utility personnel turn to other
tasks crucial to plant operation. Steps are not generally taken to follow up on solutions for the purposes
of determining root causes, identifying generic problems or disseminating information gained for the
benefit of the entire industry.

This follow-up evaluation is essential to any program directed at improving industry wide valve relia-
bility. The currently existing data centers which file failure information are not, in themselves,
equipped for the engineering evaluation required in improving valve reliability and availability. What
appears to be lacking at the moment is a coordinated engineering approach under the direction of a
responsible organization or organizations, which draw upon the expertise of all nuclear valve industry
participants.

Program Description:

Study the feasibility and organization of a coordinated engineering approach for effecting timely solu-
tions to generic problems in valves which affect valve availability, maintenance and plant operation. The
following should be taken under consideration in the performance of this study:
1) The various sources of documented valve failure data and information, including Data Banks (NRC-LER,

NSIC, NPRDS), maintenance files at operating plants and published and unpublished technical docu-
ments.

2) The problems associated with interfacing between the various industry participants such as valve
manufacturers, utility engineering staff, power plant maintenance staff and suppliers of purchased
valve parts such as packing and operators.

3) The feasibility of devising a system for categorizing viable valve problem data and solutions with
the ability for quick and easy recovery during time of need.

2. Valve Stem Packing Leakage

Background:

Excessive leakage through valve stem packing seals continues to be a common problem in nuclear power plant
operation and safety. This is indicated by all three sources of information surveyed under this pilot
program. Excessive leakage usually occurs in a previously tight packing assembly following some period of
service and valve actuation. In some instances improperly installed packing or defective packing has been
reported as the source of the leakage failures. However, the apparent major cause of failure is simply
wear on the packing imparted by the moving stem. Periodic retightening of the packing gland provides s
temporary fix. However, eventually packing materials now in use tend to lose their resilience and must be
changed. Overtightening results in large friction loads which could affect valve operation or require
larger valve operating units. Some packing materials which deposit particles on the adjacent polished
stem induce corrosion which increases friction loads with use.

Some improvements in wear life have been made with the introduction of new lubricants, packing construc-
tion and stuffing box design. A significant improvement in design life iias been indicated in tests and
during service by a newly developed packing system which uses two types of packing construction C9]. This,
in combination with a specific stem material, has resulted in increases in life by a factor of 20 or
better.

Program Description:
It is recommended that a program directed at improving valve stem seal design be undertaken. This program
should address the following:

1) Study in more detail, the packing failure service experience at operating nuclear power plants.
Determine which types of packing design are in use and their susceptibility to failure. Determine the
effects on packing life of: packing configuration, packing material, lubricant, fluid service,
installation procedures, stem orientation, stem material, and other contributary parameters.

2) Conduct a survey of packing manufacturers and users to determine state-of-the-art of packing seal
design.

3) Promote and coordinate development of promising design concepts through funding of design development
and testing programs.

4) Promote and coordinate in-service surveillance programs and evaluation.

3. Leak Tightness in Valve Seats
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Backqround:
Leakage past valve seats continues to be a problem in nuclear power plant operation and safety. The
stringent permissible leak rate requirements imposed, particularly for low pressure differential across
discs, are difficult to satisfy. This is further aggravated by the changing requirements which impose
lower limits on valves procured under less limiting leakage requirements.
Excessive leakage problems occur usually during preoperational and periodic testing. This has been
established primarily in discussions with plant personnel and valve vendors and confirms the findings of
previous studies in this regard. Inability to satisfy leakage requirements for valves in operating plants
may require examination and rework of seats resulting in personnel exposure to radiation and possible
delay of plant start-up.

Program Description:
A program to address seat leakage has been recommended in a previous study of this problem. MPR Associates
in a report entitled "Assessment of Industry Valve Problem", EPRI NP-241. November 1976, recommends, in
summary, the following:
1) Find improved methods of achieving seat tightness for main steam isolation valves and feedwater check

valves in BWRs, and containment isolation valves in PWRs and BWRs.
2) Develop leak testing methods and techniques which are directly applicable to nuclear stations.
3) Sponsor a long-range program to develop technology for achieving leak-tight seating designs in steam,

gas and high pressure, high temperature water applications. This program would address material
combinations, seat geometry, surface wear, corrosion, radiation damage and alignment of moving parts.

4) Develop maintenance procedures, tooling and techniques for restoring seat tightness while keeping
radiation exposure to maintenance personnel at a minimum.

Our review of failure data indicated that a substantial proportion of seat leakage incidents (75X)
involved safety valve seat leakage which caused plant shutdown. This subject is discussed previously
under Failure Data Files, and notes that a substantial number of these failures were related to pilot valve
failures of a specific designer. An additional task which would address safety valve seat leakage could be
included in task 1) above.

4. Improvement of Valve-Actuator-Controls Systems

Background:

A multitude of problems resulting in operational malfunction of valves is indicated from this study. The
root causes of many of these problems cannot in all instances be identified from the failure data reviewed.
However, apparent causes can be attributed to deficiencies in the design and installation of valve parts,
actuators and control and instrumentation circuits. Typical problems involva failures in elastomer dia-
phragms, air and oil lines, actuator limit or position switches and instrument pressure switch indicators.
Structural failures of valve parts, such as yoke legs and stems, often result from excessive loads applied
by the actuator due to torque or limit switches being out of adjustment. The tendency is for valve
actuators to be oversized for the particular application and needed guidance on actuator sizing is indi-
cated. The consensus appears to be that electric motor operated valves are more troublesome than other
actuation techniques.

Program Description:

Programs, are required, which will provide needed guidance in the design, selection, construction and
maintenance of valve operators for LWR service. Specific program recommendations are provided by
Riddington and Reyer in the accompanying paper CIO].

5. Large Scale Valve Test Facility

Background:
The survey of industry parties indicated activity and interest in the establishment of a full scale valve
testing capability under near actual plant conditions. Constraints in presently available facilities
include limitations in valve size, flow rate, temperature, type and magnitude of loadings, steam capacity,
multiphase flow and available flow media. Capability for full size testing of large valves for Isolation
va?ve seat leakage and closing speed, relief va7ve set pressure and closing pressure and control valve
performance under concurrent loadings of pipe reactions, inertia, fluid flow, thermal transients, pressure
and other applicable loadings required. Private sponsorships of such facilities by independent organiza-
tions or even on an industry level may not be possible. A study of industry requirements and availability
of facilities for this prupose is recommended.
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An Analysis Of
Valve Failure Data For LWR Nuclear Power Plants

1975-1978

W. H. Schmidt
Systems Safety Technology Division 4442

Sandla Laboratories
Albuquerque, NM 87185

ABSTRACT

A computer analysis of the Nuclear Regulatory Commission
(NRC) data file, complied from Licensee Event Report (LER)
data sheets, has been performed to characterize and high-
light valve failures in light water reactor (LWR) nuclear
power plants and provide guidance for valve improvement pro-
grams. The analysis Is based on data from 1975 through 1978.
Over this period, 889 valve citations were reported for pres-
surized water reactor (PWR) plants and 891 for boiling water
reactor (BWR) plants. This report presents the pertinent
LER data in a manner which indicates valve performance areas
toward which improvement efforts may be directed.

INTRODUCTION

The Department of Energy (DOE) is the sponsor of a number
of Light Water Reactor (LWR) nuclear power plant safety improve-
ment programs for which Sandia Laboratories is the technical man-
agement center. These programs are administered through the DOE
Quality Assurance, Standards and Operations Safety Branch. Efforts
to highlight problem areas and improve valve performance In LWR
nuclear power plants constitute one of these DOE programs.

Valve failure in LWR nuclear power plants constitutes the
most prevalent single factor presently degrading plant safety and
operational efficiency.*»2»3'+ Control of the power production
and support systems is largely administered through valves and,
therefore, valve malfunctions can have serious consequences with
respect to plant control.

The large effect which valve performance has on plant oper-
ation should not be surprising from the standpoint of statistics
alone, because there are so many thousands of valves In each plant.
In turn, the large numbers involved indicate the possibility of
significant plant performance improvement with enhanced performance
of the most troublesome valve types in selected reactor systems.
The purpose of this report is to assist valve Improvement programs
by highlighting the findings from a computer analysis of valve
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and mechanical valve operator data Included in the Licensee Event
Report5 (LHR) data file.

LER reports are required by the NRC for events designated
as reportable occurrences. Areportable occurrence is divided into
six cause categories (see Figure 1). However, only the "component
failure" category directly relates to mechanical failure of a
properly designed, installed, and operated component.

Continuously updated files of these data reports are routinely
maintained at the Oak Ridge Nuclear Safety Information Center.
R. L. Scott and R. B. Gallaher have published reviews of 1976.
1977 and 1978 nuclear power plant occurrences from these data.1* 2» 3

An average of reported values for these years shows that valves
are responsible for 21% of the reported occurrences inBWR plants
and 18% in PWR plants with the value steadily increasing over
these years. A recent analysis of data in the Nuclear Safety
Information Center files indicates that valve failures were in-
volved in 19.3% of the light water reactor power plant shutdowns
from 1972 through 1978.3

In 1979 a new LER data file with a somewhat different format
was produced by the NRC and put on computer tape. It is that
file which has been used to compile the information in this report.

The failure of a valve to function properly in a nuclear
power plant system is regarded as a type of reportable occurrence
for which a LER is required. This information is then incorporated
into the computerized data files for LERs. More complete informa-
tion relative to valve performance is often recorded in the plant
records but this is proprietary information and not generally
available.

The results presented in this report are taken from a much
larger and more complete LER data file analysis, of interest
primarily to the statistician, and is available on request.

RESULTS AND OBSERVATIONS

Until recently fche amount of information entered into the
LER data sheets has been so sparse that use of the data
files for failure analysis is severely restricted. However,
there has been considerable improvement in completing the
LER forms during the last year.

* The format of the LFR leaves a great deal to be desired
because it is not straightforward, and for many events it is
not sufficiently comprehensive to assure clear and precise
identification of failed components and root causes of fail-
ures. The LER data sheet is difficult to understand and
interpret, both from the standpoint of the people who must
fill in the form and those who need to interpret this in-
formation.
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* Seventy-one percent (71%) of the citations from 1975 through
1978 relate directly to the valve assembly and 29X to the
mechanical valve operator. (Figure 1)

* Sixty-nine percent (69J) of the valve failure citations relate
to valve mechanical failure, 14* to personnel error, and the
the remaining 17% to nlnor causes* (Figure 1)

* The power plant reactor systems for which most valve failures
were reported are: 1) containment isolation systems and con-
trols; 2) chemical, volume control, and liquid poison systems
and controls; 3) reactor containment systems. Hechanical valve
operators also followed this pattern with the addition of
the main steam isolation system and controls forBWR plants.
(Figures 2, 3)

' The highest numbers of valve specific citations for all causes
are for gate, globe, and check valves, in that order, for
both PUR and BWR plants. (Figure 4)

* From a functional standpoint, shutoff, isolation, and stop
valves are the most important in terms of failures for both
types of plants. (Figures 4, 5)

For PWR*s, the second and third most important identified
component failure categories are one-way flow and pressure
relief valves, while for BWR*s the second and third most
important component failure categories are pressure relief
and flow control valves. (Figures 4, 5)

* TJnfortunately, the required data on the LER form is not
always adequate to permit association of a valve operator
with the specific valve type. However, for the data available
valve ->erator citations correlated with operator type are
presented on the plot in Figure 6.

Correlation analysis of valve function and valve type for
the sparse data available shows that, in order of importance,
most valve citations for both FWR and BWR plants occur for:
1) shutoff, isolation, and stop gate valves 2) shutoff,
isolation, and stop globe valves 3) check valves (one-way
flow for PWR plants and vacuum relief for BWR plants) 4)
shutoff, isolation, and stop butterfly valves*

METHOD OF ANALYSIS

The LER data on computer tape were screened by choosing only
data categorized by the LER component code words "VALVEX" or "VALVOP"
which eliminated all data not directly concerned with the valve
assembly or the mechanical valve operator. This data was then
divided into six cause categories, as Indicated on the graph in
Figure 1, and separated into PWR and BWR plant classifications.
Within these sets all of the LER data was catalogued and summed.
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Correlatlon analyses were made In order to classify failure
citation correlations between valve type and function and between
valve type and reactor system for both PWRand BWR plants. Similar
correlations were also made for all possible combinations Involving
the valve operators. The correlations were badly affected by the
lack of data on the LER's. The most significant findings are in-
cluded in the results presented.

SUMMARY

Highlighted for improvement, on the basis of LER citations,
are gate, globe, and check valves. These function primarily as
shutoff, Isolation, stop, one way flow, and pressure relief valves
in containment isolation systems, chemical volume control systems,
and reactor containment systems.

An appallingly large amount of required data Is not filled
in on the LER forms. However, a significant improvement in the
amount of data on the forms is evident over the past year.

Much data necessary to accurately and precisely pinpoint prob-
lem areas, operational circumstances, and faulty components is not
presently required on the LER data sheet, and is often not written
in the description sections presently provided.

DISCUSSION AND RECOMMENDATIONS

Specific types of valves, valve operators, and reactor sys-
tems are designated in this report for possible improvement.
This does not tell the whole story, however, because details of
the operational environment, failure circumstances, and character
of the component failure are not given. This information is some-
times given in the "description" sections of the LER. This type of
information, when available, has been categorized by the Nuclear
Safety Information Center at Oak Ridge and an analysis of this
data has been made.4 The results from an analysis of the abstracts
of the LER descriptive data are not in total agreement with the
categorized codes on the LER data sheets. This is partly due
to the fact that some of the citation categories are broad and
subject to a great deal of personal interpretation. Also, there
are sometimes inconsistencies within the LER's. This points out
the need for greater accuracy and fuller descriptions in filling
out the data sheets.

Basic information and associations relative to failed com-
ponents are of fundamental importance to component improvement
programs. Failed or troublesome components must be clearly identi-
fied as to function, type, system, operating condition, manufac-
turer, and serial number if possible. The present LER, for example,
requires the mechanical valve operator to be identified only as
to type and does not require the type of valve with which it is
associated to be specifically identified. Hopefully, the necessary
additional information will be Included in the description sections
of the data sheets as is sometimes the case.
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Rapid, thorough, and flexible LRR data analysis is an important
starting point for reactor power plant component improvement pro-
grams* This can be facilitated by computer analysis of categorized
data on computer tape, such as the one produced by the NRC, and
exemplified by this report. Of course, this has been done routinely
by the Nuclear Safety Information Center in a general way from their
own data files since 1973.

However, for maximum use and flexibility it should be possible
to computer read the descriptive sections of LER*s, where a large
amount of information is in narrative form, and selectively compile
a thesaurus of key words and abstracts for designated types of
citations. This would permit much additional and important in-
formation to be required, recovered, and analysed.
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DEFECT FLOW ANALYSIS OF
CONTROL ROD DRIVE OPERATIONAL EVENTS

H. L. Thaggert, I. M. Jacobs, G. L. Crellin, A. M. Smith

General Electric Company
Advanced Reactor Systems Department

Sunnyvale, California 94086

ABSTRACT

A Defect Flow Analysis of Control Rod (CR) and Control Rod
Drive Mechanism (CRDM) Licensee Event Report Data was conducted to
extract "lessons learned" information from past experience with
light water nuclear reactors operating in the U.S. The analysis
results are used to formulate characteristics of CR/CRDM defects.
Among those formulated are 1) the leading direct cause of defects
are inadequate design and inadequate training, 2) a relatively large
number of defects are systematic, and 3) defects which result
in system failure are rare. The analysis results indicate that most
defects could have easily been prevented.

INTRODUCTION

This paper presents an analysis conducted to extract "lessons learned"
information from past experience with light water nuclear reactors operat-
ing in the United States. The data used were taken from Licensee Event
Reports (LERs) for Control Rod Drive Mechanisms published between January 1,
1975, and January 30, 1978, by the Nuclear Regulatory Commission.

The primary objective of the study was to glean from past reactor ex-
perience information that can be applied to the future design and application
of Control Rods (CRs) and Control Rod Drive Mechanisms (CRDMs) in nuclear
power plants. A technique known as Defect Flow Analysis (DFA) was used in
this investigation.

METHOD OF ANALYSIS

A team of four engineers was formed to carry out the steps of the DFA
procedure. Each team member brought different talents and expertise to
the team so as to include experience in Defect Flow Analysis, nuclear experi-
ence, CRDM reliability experience and an ability to associate one bit of
information with other bits of information and draw a logical inference.
The use of an analysis team proved invaluable in maintaining consistency;
consistency in the formulation and application of definitions, and consistency
in the use of engineering judgement. A concensus of the team was required for
all definitions used, defect hypotheses formulated, and for all assessments
made based on the formulated hypotheses. The discussions and team inter-
actions resulting from the concensus requirement provided the assurance
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that rational consistent decisions were made as the DFA procedure was applied.
After selecting the system to be analyzed (Step 1 in Figure 1), and

defining the time period of the LER data to be used (Step 2), the major tasks
for the team were to precisely define the terms to be used in the analysis
(Step 3) and to define the defect flow categories (Step 4). Steps 3 and 4
became an iterative process and required a great deal of discussion and
debate. The defect flow categories used in this analysis are shown in
Table 1.

The objective in defining the defect flow categories was to select
categories such that when all entries in each category are completed, a
path of the flow of the defect from entry point to detection or escape
from detection would be recorded. For each of the categories shown in Part I
of Table 1, the team made a list of allowable entries using an iterative
process. The allowable entries in each category discussed in this paper are
givan in the discussion of analysis results.

Once the analysis definitions and defect flow categories had been review-
ed and agreed upon by the analysis team (Steps 5 and 6), the next task for the
team was to examine the information contained in each LER. A total of 111
LERs were reviewed by the analysis team.

Based on an examination of the information in a particular LER and
on engineering judgment, a scenario for the flow of the defect leading
to the reportable event was postulated (Step 7). For some of the 111 LERs
examined, it was not possible to construct a complete or logical scenario for
the flow of the defect. In many cases, this was due to cryptic or incomplete
information contained in the LERs.

For each LER examined, an assessment of the appropriate entry in each of
the 21 defect flow categories (see Part I Table 1) was made (Step 8). For
some LERs, the appropriate entry in some categories could not be assigned by
the analysis team. In most cases, this was due to insufficient information
contained in the LERs. In a few cases, a clear choice between two or more
entries could not be made. In either case, when an appropriate entry in
a particular category could not be assigned, an entry of "unknown" was made.

Each entry in the defect categories were coded onto a computer data
sheet (Step 8). One line on the data sheet represented one LER. In addition
to the defect category assessments, each line of data also included codes
representing other relevant information (See Part II of Table 1). Once all
information for each LER had been coded onto a computer data sheet, the data
sheet was used to establish a computer data base (Step 9) and a computer
program was utilized to count the number of entries in the various defect flow
categories. This computerized counting algorithm proved very helpful in the
analysis of the LER assessment results (Step 10). The analysis then consisted
of making inferences from the count of repeated entries in a particular
category of assessment over all 111 LERs. In addition, inferences from
comparisons of the total number of entries in one category to the total number
of entries in another category were made.

ANALYSIS RESULTS

The results of the Defect Flow Analysis of the CR and CRDM LER data
may be grouped into two groups according to the implications of these results.
The first group of results gives a basis for describing generic cheracteris-
tics of defects found in CRs and CRDM. The second group of results consists
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of comparisons of the entries in one defect flow category to entries in
another defect flow category* This group of results provide a basis for
formulating possible relationships between defect characteristics. Only a few
of the more interesting relations between the defect flow categories are
presented in this paper* A more comprehensive discussion is given in Refer-
ence 1.

Generic Characteristics of Defects

Insight into the general characteristics of CR and CRDM defects is
provided by the dominant entries in the defect flow categories: 1) Defect
Entry Point, 2) Direct Cause of the Defect, 3) Effect, 4) Human Involvement in
Causing the Defect, 5) Skill Level to Prevent, 6) Skill Level to Detect, 7)
Most Eligible Screen, 8) Systematic Tendency, 9) Multi-Component Failure, and
10) Multi-Component System Failure. Table 2 shows the allowable assignments
for each category and the number of entries made for each possible assignment.

The Defect Entry Point category was used by the analysis team to assess
the activity in process at the time the defect entered the product, and
in fact, provided the means by which the defect entered. Of the 81 defects
for which this judgment could be made, approximately 25 percent entered
through design and were not detected until field operations. Maintenance and
Software each accounted for 15 percent, and Operator Training was judged to be
the entry point for approximately 14 percent of the 81 defects.

The entries in the Direct Cause of the Defect category indicates the
sufficient reason for the presence of the defect. Inadequate Training and
Inadequate Design Margin were judged to be the leading direct causes of
defects. Out of 76 defects for which a direct cause could be assessed, 28
percent were attributed to Inadequate Training and 26 percent were attributed
to Inadequate Design Margin. These two leading causes for defects accounted
for approximately 37 percent of the 111 LERs reviewed. This suggests the
need for better definition of training programs and more effort to assure
adequate design margins.

The Effect of the defect, that is, the direct result of the manifestation
of the defect, on a single CR or CRDM was a Spurious Scram in 27 cases,
Impaired Shim Control in 25 cases, and a Potential Increase in Reactivity in
19 cases. While there were six defects which had the effect of No Scram, in
none of the 111 LERs reviewed were there defects which resulted in failure to
scram the reactor; that is, there were no defects which resulted in a system
failure.

Assessment of the degree to which the human element entered into the
cause of the defect is given by the category Human Involvement in Causing the
Defect. In 85 percent of the cases for which this assessment was made, human
involvement played a major role in causing the defect; without a human error,
the defect would not have entered the product. This human involvement was not
necessarily that of the operator. This result may indicate a need for addi-
tional study in all areas of human involvement.

A judgment about the Skill Level To Prevent the defect was possible for a
total of 77 defects. Of this total, approximately 42 percent required a skill
level less than that of a cognizant engineer to prevent the defect from
becoming part of the design or hardware. (A cognizant engineer has a skill
level or knowledge greater than that usually possessed by the average quali-
fied engineer, technician, or supervisor). There were a total of 82 defects
for which an assessment of the Skill Level to Detect was made. Of this total,
50 percent of the defects were judged to have required the skill level of Less
than a Cognizant Engineer. This indicates utilization of special consultants
to solve the majority of the problems is unnecessary.
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The Most Eligible Screen is the first test or activity after the defect
entry point which should have the highest sensitivity to detecting the defect*
The results of the most eligible screen assessment show there was a total of
82 defects for which this assessment could be made. Approximately 24 percent
of this total had Functional Test as the most eligible screen. This result
supports the generally accepted importance of hardware testing in uncovering
defects. Moreover, since inadequate design margin is a prevalent cause,
addressing the adequacy of design margin through functional test might be
expected to reduce field failures.

The Systematic Tendency category provides an assessment of the likeli-
hood that an observed defect will recur in similar components or systems.
If, in the judgement of the team, the defect had a greater than 25 percent
chance of recurring in a replacement item with a similar history, the defect
was said to be systematic. Table 2 shows that of the 82 defects for which the
Systematic Tendency judgment could be made, approximately 52 percent were
Systematic. This indicates a sizable proportion of the CR and CRDM defects
will tend to recur unless appropriate corrective action is taken.

The failure of multiple components due to a common defect is called a
Multi-Component Failure (MCF). A MCF which results in system failure is
called a Multi-Component System Failure (MCSF). The assessment results for
both the MCF and MCSF categories are shown in Table 2. There were a total of
90 defects for which the MCF assessment could be made by the analysis team.
Of this total, 32 percent were assessed as Actual MCF impact. Approximately
22 percent of the defects had Potential MCF impact. Approximately 46 percent
of the 90 defects had Neither Potential Nor Actual MCF impact.

Care should be used when examining the results of the MCF assessments.
(See Reference 1 for more details on the MCF assessments.) The results should
not be used to overstate the evidence for concern about multiple failures.
The potential MCF defects were not MCFs; they were judged only to have
the possibility of being MCFs. Also, note that the defects which ware asses-
sed as actual MCF were not required to result in a system failure.

The assessment results for the MCSF category show no system failures due
to multi-component failures found in the LER data; system failure means
failure to scram the reactor. As in the case for MCF, care must be used when
examining the MCSF results. The 20 defects assessed as Potential MCSF impact
had only a theoretical possibility of a MCSF.

Defect Characteristic Relationships

By comparing the assessments in one defect flow category to those
in another category, patterns may be detected which provide a basis for making
inferences about the relationship between defect characteristics. One such
comparison is shown in Table 3. Similar tables for other comparisons discus-
sed in this section are contained in Reference 1.

Table 3 shows a comparison of Direct Cause of Defect to Effect of the
Defect. The first row shows the various resulting effects of the twenty
defects with Inadequate Design Margin as their direct cause. All defects
except one had an effect which related to scram or shimming performance. One
defect had the effect of an actual increase in reactivity. Based on this
result, it seems that defects with Inadequate Design Margin as their direct
cause are more likely to affect the actual scramming or shimming function.
However, it should be noted, in no case did Inadequate Design Margin cause a
defect which resulted in a failure to scram.
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Of the 21 defects with Inadequate Training as the direct cause, 12
resulted in a potential increase in reactivity, seven resulted in a technical
specification violation, one resulted in a slow scram, and one resulted in a
potential decrease in scram capability. This suggests that defects due
to Inadequate Training are likely to have the effect of an increase in reactor
reactivity or a nonscram related technical specification violation.

The direct causes of defects which had the effect of a no-scram are shown
by the first column of Table 3. In three of the six cases in which there was
a no-scram, not enough information ;̂as provided in the LER to make a direct
cause assessment* The other three causes for no—scram (failure to reestablish
operating configuration, defective material, and incorrect fabrication pro-
cess) seem preventable by close attention to details.

The systematic tendency assessment provides an indication of the likeli-
hood that a defect will recur in a replacement item with a similar history.
If it is assumed that a screen which fails to catch the systematic defect
once would fail to catch that same defect again, an interesting question is
posed. Which screens do the LER data indicate need to be tightened in order
to defend against systematic defects? A comparison of the Most Eligible
Screen category to the Systematic Tendency category provide an answer to this
question. In approximately 49 percent of the 43 defects judged to be system-
atic, either Design Review or Functional Tests were the most eligible screens.
This indicates that efforts to increase the effectiveness of design review and
functional test may yield the greatest potential payoff in detecting system-
atic defects.

A comparison of Direct Cause of the Defect to defects with Multi-Compon-
ent Failure (MCF) impact showed that of the 49 defects judged to have a MCF
impact, approximately 31 percent had Inadequate Design Margin as their
direct cause, and approximately 22 percent had Inadequate Training as the
direct cause. These were the two leading direct causes for defects identified
with MCF impact and indicates that efforts to prevent these causes for defects
should reduce MCFs.

The comparison of the Direct Cause of the Defect to defects with Multi-
Component System Failure (MCSF) impact showed that of the 20 defects with
potential MCSF impact, the leading direct causes were Inadequate Design Margin
(45 percent), Design Oversight (20 percent), and Inadequate Training (15
percent). This comparison suggests inadequate design considerations play a
major role in the cause of defects with MCF or MCSF impact in CRs and CRDM.

CONCLUSIONS

The ten defect flow categories discussed allow inferences about the
generic characteristics of CR/CRDM defects. CR/CRDM defects tend to enter
through the design activity. The leading causes for the defects seem to be
inadequate design margin and inadequate training. The effect of most defects
seem to be a spurious scram. Human involvement seems to play a major role in
causing the defects. The defects seem to require moderate skill level to
prevent and to detect. A relatively large percentage of the defects tend to
be systematic. CR/CRDM defects with actual MCSF impact appear to be rare;
none were identified. Moreover, no defects which resulted in failure to scram
the reactor were identified, an expected result considering that, historical-
ly, failure to scram is an extremely rare event.

The results of the comparisons made between defect characteristics
provide a basis for formulating relationships between CR/CRDM defects.
The results show that defects due to inadequate training are more likely to
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have the effect of an increase in reactor reactivity or a nonscram related
technical specification violation. This observation suggests the need
for attention in these areas in defining future training programs.

Based on the comparisons made, more effective design review and function-
al test screens are needed in order to detect systematic defects before they
enter the field. In addition, these improved screens should reduce the
incidence of MCF or potential MCSF since inadequate design plays a key role in
their direct cause.

A prime objective of this analysis was to glean as much information as
possible from past reactor experience that can be applied to the future design
and application of control rods and control rod drive mechanisms in nuclear
power plants. With respect to this objective, the LER analysis serves to
reinforce the need for greater attention to details in such areas as design
review, operational procedures, opportunity for human error, and in the area
of identification of systematic defects. Moreover, the analysis results
contain valuable implications for persons responsible for the design, oper-
ation and licensing of nuclear power plants. The results provide evidence
that many of the problems arising from such areas as design could have easily
been prevented. Thus, in an effort to achieve high reliability and safety of
nuclear plants by pushing the edges of the state of the art, relatively simple
details must not be overlooked.
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Table 1.

1. DEFECT FLOW CATEGORIES*
1. DEFECT ENTRY POINT
2. TIME OF ENTRY
3. DIRECT CAUSE OF THE DEFECT
4. EFFECT (ON A SINGLE CR OR CRDM}
5. MAJOR HARDWARE ASSEMBLY AFFECTED
6- SUBCOMPONENT AFFECTED
7. HUMAN INVOLVEMENT IN CAUSING THE

DEFECT
8. SKILL LEVEL TO PREVENT(AVOID)
9. DETECTION SCREEN (ACTUAL)

10. MINIMUM LEVEL OF ASSEMBLY TO DETECT
11. REASON FOR NON-DETECTION IN EARLIER

SCREEN
12. SKILL LEVEL TO DETECT
13. MOST ELIGIBLE SCREEN
14. ACTION TAKEN
15. DEFECT DIVERSION STATUS
16. HISTORY OF OCCURRENCE
17. SYSTEMATIC TENDENCY
18. AREA OF SYSTEMATIC INVOLVEMENT
19. MULTI-COMPONENT FAILURE

Table 2 . A N A L Y S I S R E S U L T S FOR
1. DEFECT ENTRY POINT
DESIGN 20
FABRICATION 10
ASSEMBLY 3
SHIPPING AND HANDLING
INSTALLATION 2
MAINTENANCE 12
TEST 2
SOFTWARE 12
EXTERNALLY APPLIED STRESS 3
OPERATOR TRAINING 11
EXTRANEOUS EVENT 6
UNKNOWN 30

2. DIRECT CAUSE OF THE DEFECT
INADEQUATE DESIGN MARGIN 20
INCORRECT DOCUMENTATION 3
DESIGN OVERSIGHT 6
CALCULATIONAL ERROR 2
MISAPPLICATION OF ENG. PRINCIPLES
INCORRECT MATERIAL 1
INCORRECT DIMENSION
INCORRECT FABRICATION PROCESS 4
DEFECTIVE MATERIAL 3
IMPROPER PARTS OR ASSEMBLY 6
EXCESSIVE TORQUE
TOLERANCE STACK UP
FOREIGN OBJECTS (LEFT IN) 1
DAMAGE IN HANDLING
DAMAGE 2
FAILURE TO REESTABLISH

OPERATING CONFIGURATION 2
EXTERNAL CAUSES 5
INADEQUATE TRAINING 21
UNKNOWN 35

20. MULTI-COMPONENT SYSTEM FAILURE
21. CORRELATED (LERs) EVENTS

2. OTHER SIGNIFICANT INFORMATION RECORDED
FOR EACH LER
1. EVENT DATE
2. PLANT IDENTIFICATION
3. MANUFACTURER OF NUCLEAR STEAM SUPPLY

SYSTEM
4. YEARS OF SERVICE
5. FACILITY STATUS (AT THE TIME OF THE EVENT)
6. PROXIMATE CAUSE CODE(CAUSE CODE

ASSIGNED BY LICENSEE)
7. DEFECT DESCRIPTION/COMMENTS
8. LER CONTROL NUMBER (NUMBER ASSIGNED BY

NUCLEAR REGULATORY COMMISSION)

'WHENEVER THE APPROPRIATE ENTRY FOR A
PARTICULAR CATEGORY COULD NOT BE DECIDED,
AN ASSIGNMENT OF "UNKNOWN"WAS MADE.

TEN DEFECT FLOW CATEGORIES
3. EFFECT (ON A SINGLE CR OR CRDM)
NO SCRAM 6
SLOWSCRAM 4
INCOMPLETE SCRAM 6
SPU RIOUS SCRAM 27
POTENTIAL DECREASE SCRAM CAPABILITY 9
TECH. SPEC. VIOLATION (OTHER THAN SCRAM) 8
POTENTIAL INCREASE IN REACTIVITY 19
ACTUAL INCREASE IN REACTIVITY 4
LOSS OF AUXILIARY FUNCTION 1
FAILURE INDUCED SECONDARY FAILURE 2
WITHDRAWN BEYOND THE LIMIT

(OVER TRAVEL, ROD DRIFT)
IMPAIRED SHIM CONTROL 25

4. HUMAN INVOLVEMENT IN CAUSING THE DEFECT
MAJOR 68
MINOR 12
UNKNOWN 31

5. SKILL LEVEL TO PREVENT
LESS THAN COGNIZANT ENGR 32
COGNIZANT ENGR 29
GREATER THAN COGNIZANT ENGR 14
NOT POSSIBLE '. 2
UNKNOWN 34

6. SKILL LEVEL TO DETECT
LESS THAN COGNIZANT ENGR 41
COGNIZANT ENGR 28
GREATER THAN COGNIZANT ENGR 13
NOT POSSIBLE
UNKNOWN 29

80-064 02
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Table 2, continued
7. MOST ELIGIBLE SCREEN
DESIGN REVIEW 11
PARTS/MATERIAL SCREEN 9
SPECIFICATION REVIEW 4
PROCEDURE REVIEW 8
ASSEMBLY INSPECTION T4
FUNCTIONAL TEST 20
CONFIGURATION CHECKOUT 6
AUDIT TO
UNKNOWN 29

8. SYSTEMATIC TENDENCY
SYSTEMATIC 43
NONSYSTEMATiC 39

UNKNOWN 29

9. MULTI-COMPONENT FAILURE
POTENTIAL 20
ACTUAL 29
NEITHER POTENTIAL NOR ACTUAL 41
UNKNOWN 21

10. MULTI-COMPONENT SYSTEM FAILURE
POTENTIAL 20
ACTUAL
NEITHER POTENTIAL NOR ACTUAL 70
UNKNOWN 21

Table 3. DIRECT CAUSE
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THE IMPACT OF VALVE FAILURES ON THE
SAFETY & RELIABILITY OF LIGHT WATER NUCLEAR

POWER PLANTS

J. W. Riddington and R. J. Reyer

Burns and Roe Inc.
Oradell, N.J., 07649

ABSTRACT

A study of the causes of, and solutions for, recurrent valve failures
has been performed. The frequency and root causes of valve problems were
identified from licensee event reports and meetings with utility, NSSS, and
valve manufacturer personnel. Three generic problems (Stem leakage, seat
leakage, and inadequate specification) and four valve specific problems
were identified. The four valve specific problems and their principal
causes are: (1) BWR pilot operated safety relief valves (pilot valve
leakage); (2) spring loaded safety relief valves (water solid and two-phase
flow behavior); (3) PWR feedwater regulating valves (trim degradation and
packing failures); and (4) air operated solenoid valves (jamming due to
foreign matter in service air). The Tirst two valve specific problems are
the subject of current industry programs. Programs intended to address
stem leakage, seat leakage, timely exchange of valve failure information,
testing of valves, and adequate specification, selection, and maintenance
of valves will be outlined.

INTRODUCTION

An analysis of component failures from information in the computerized
Nuclear Safety Information Center (NSIC) data bank shows that for both PWR and
BWR plants the component category most responsible for shutdowns is valves [1].
Valves are responsible for approximately 19.3 percent of light water reactor
power plant shutdowns [2]. A detailed investigation of the valve failures in
LWRs was performed.

DATA SOURCES, COLLECTION AND ANALYSIS

The primary source of data on valve failures used was the computerized
nuclear safety information center (NSIC) data bank at Oak Ridge National Labora-
tory. The data bank comprises data condensed by NSIC staff from Licensee Event
Reports (LER's) submitted by Utilities in accordance with 10 CFR Part 50, Section
50.36. The data analyzed were all valve failures leading to plant trips and
shutdowns, between December 1972 and December 1978, for all U.S. domestic PWR
and BWR plants and all valve failures occurring at ten (10) selected plants,
covering 20 units, 16 PWRs and 5 BWRs.

Other sources of information used were Monthly Operating Status Report
NUREG-0020, Nuclear Power Experience [3], NRC Inspection and Enforcement (I&E)
Bulletins.
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Tables I and II "Valve Failures Causing Trips" and "Valve Failures Causing
Orderly Shutdowns" respectively, summarize the valve failures causing light
water reactor shutdowns and trips for the period from December 1972 to March
1979.

The greatest cause of shutdowns in LWRs due to valve failures is leakage
from valve stem packing. Both BWR plants and PWR plants have stem leakage
problems (BWRs, 21% and PWRs, 34%).

In BWR plants, pilot operated main steam safety relief valves are the
greatest single cause of valve initiated shutdowns (25.5% of all shutdowns).
This is followed by motor operated isolation valve failures (12.8%), main steam
isolation valve failures (4.2%), containment isolation valve failures (3.2%),
and others.

In PWR plants, the feedwater regulating valves and feedwater system valves
(12.1% combined) are the principal causes of valve initiated reactor shutdowns.
This is followed by pressurized spray valve failures (8.6%); main steam is
olation valve failures (6.9%); main steam safety relief valve failures (5.2%)
and others.

Our investigation focused on these principal valve problems. Discussions
were held with Utilities, manufacturers and NSSS vendors to determine the root
causes of these problems. Six Utilities, Forteen manufacturers and the four
NSSS vendors provided input.

ROOT CAUSES OF VALVE FAILURES

Valve Stem Leakage: The means for sealing the valve stem has remained basically
unchanged from that used in conventional (fossil) power plants. In conventional
power plants, leakage through the packing results in constant maintenance such
as repacking and tightening of the gland. In nuclear plants, however a minor
leak frequently violates the technical specification and leads to a required
shutdown. Development programs in the area of gland seal material and packing
box design have been undertaken but additional work is necessary.

Pilot Operated Safety Relief Valves: Pilot operated main steam relief valves
have been the greatest single cause of shutdowns in BWR plants. The major
problem has been and still is, leakage past the pilot valve resulting in opening
of the main valve. Pilot valve leakage has been caused by dirt, debris, moisture,
and steam line vibration induced wear. A number of utilities completely replace
these valves at each shutdown in order to keep shutdowns to a minimum. Even
with such a maintenance program some of the valves still require maintenance
before the refuelling shutdown is reached. For BWR plants in the design and
construction phase, the pilot operated type of power operated safety relief
valve is now displaced by the dual function, piston operated, spring loaded
relief valve.

On PWRs the pilot operated type of valve is used as a non-code valve,
functioning as a pilot operated pressurizer safety relief valve. These valves
caused substantially less reactor trips than for BWR's. Two (2) NSSS manufacturers
no longer use pilot operated safety relief valves for pressurizer applications.
A failure of this type of valve to close after actuation has been identified as
a contributing factor at Three Mile Island Unit 2 (TMI-2).
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A high level of maintenance is necessary to ensure satisfactory operation
of the pilot operated safety relief valves. They may not be the most
suitable valve for use in high radiation level areas, such as pressurizers.

Spring Loaded Safety Relief Valves; Early problems of seat leakage and
pressure setpoint drift on these valves in main steam relief and pressurizer
relief applications have largely been solved, with only isolated such
events now occurring. Considerable progress has been made in accurately
defining the factors that effect the set point of these valves, in particular
the influence that operating ambient temperatures have on the set point.
One serious problem with the spring loaded safety valve in the PWR pressurizer
and BWR main steam applications is the unknown capability of the valve to
handle liquid or two (2) phase flow. The valves are designed to relieve
steam flow only. For example it is thought that the TMI-2 code pressurizer
relief valves were subjected to such flow conditions, since the pressurizer
was completely filled with water. Tests have not been performed on this
type of valve for liquid or two (2) phase flow conditions and it is recommended
that such testing be done.

Main Steam Isolation Valve: Two major problems have been found with main
steam isolation valves. The first is poor main valve control system component
performance which degraded the ability to open or close the valve. The
second (also the largest number of malfunctions for BWR plants) is the
inability of the valve to satisfy leak rate requirements defined in the
plant technical specification. Recent development programs have been
implemented to solve the control system failures. New components have been
developed and tested under simulated operational and accident conditions.
However, main steam isolation valves are still unable to meet seat leakage
requirements without performance of extensive maintenance during each
shutdown on these valves.

Feedwater Regulator Valves: The greatest causes of feedwater regulator
valve malfunctions have been: defects of mechanical components, deficiencies
in engineering design, and improper material selection. The largest number
of valve mechanical defects have been valve seat and/or valve plug degradation,
and stem packing, problems. Common to a number of plants are valve malfunctions
due to engineering and design deficiencies in some cases resulting in a
valve size much larger in flow area than necessary. Such over sizing has
caused instability, vibrations and water hammer. These conditions resulted
in plant trips or malfunctions that required plant shutdowns. Inappropriate
selection of valve trim type and materials for several nuclear installations
reflected the valve manufacturer's insufficient knowledge of operating
conditions.

Pressurizer £_.. ray Valves: The most frequent failure of pressurizer spray
valves has been valve stem leakage which invariably causes a reactor shutdown.
Severe stem leakage problems led to replacement with the bellows type of
seal. These however, suffered from fatigue failures and were unsatisfactory
in the service. A rotary ball type valve is now used by one PWR vendor,
and a newly developed hermetically sealed type of solenoid valve is being
used by another PWR vendor.
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Solenold Valves: The most common cause of solenoid valve failures was
found to be foreign matter (such as dirt, grit, oil) entering the valve and
causing it to stick. A fairly widespread problem with these valves has
been improper sizing or selection of solenoids. This has usually been the
result of insufficient guidance from the solenoid manufacturer to the main
valve manufacturer. Closer cooperation between the two would eliminate
many of these problems. Considerable development work has been dene jointly
by solenoid manufacturers, main valve and NSSS manufacturers to qualify
solenoid valves for the required service. There is a need for more attention
to be given to defining clearly solenoid valve operating and accident
conditions. Solenoid valve performance would greatly benefit from thorough
testing under operating and accident conditions.

Valve Actuators: Electric valve actuators have been the work horse of the
fossil power plant industry for thirty years and have performed well.
However, nuclear applications placed many additional requirements on valves
equipped with motor operators such as increased operating speed, and operation
at reduced voltage, at high temperature, and during seismic events.

The root causes of many motor operated isolation valve failures can be
attributed to the utilization of motor operators that develop, under stall
conditions, four to five times the design thrust of the operating torque.
The applicable codes mainly address the assurance of the pressure-retaining
integrity of valves, but do not deal with proper mating of the valve and
actuator to provide the equally important assurance of operability.

The stall torques of the valve actuators in use today are so high that
destruction of the valve mechanism and the electric actuator is possible.
Some manufacturers have developed improved motor driven actuators for
nuclear applications. However, market penetration of valves equipped with
these improved actuators has been slow.

Packless Valves; For some valve applications the use of packless valves
provides one solution to stem leakage. Metal diaphragm valves of sizes up
to two inches are used for instrument line isolation (root) valves, vent
valves and drain valves. Problems with these valves occur most frequently
during initial plant startup and are usually caused by foreign matter
lodging in the valve seat/ port area, resulting in the valve failing to
close. Because many seals require a high torque to achieve the required
seal tightness, leakage at the body-bonnet joint often results. The bellows
stem seal type of packless valve, has failed frequently due to torsional
fatigue of the bellows.



-552-

PROGRAM RECOMMENDATIONS

From the history of failures of valves in LWR's, it can be concluded
that not enough attention has been given to the specification, selection of
the manufacturer, and testing of valves to insure that they are suitable
for the intended service. It is clear that a major industry effort is
necessary to tackle valve problems.

As part of this major industry effort, valve qualification or certification
for a specified service should be undertaken. Valves important to safety
and plant availability (key valves) should be certified as suitable for
their intended service either by operating history or by tests. In addition,
standard purchasing and test specifications should be developed for these
key valves to assure that they are adequate for the intended service.

Based on this study, development programs, which deal with the following
problems seem advisable:

Elimination of stem leakage
Improvement of motor operated and to a lesser degree other
types of power operated safety system valves
Testing of main steam and pressurizer safety relief valve
performance for liquid and two phase flow
Determination by appropriate testing of the effects of
installation on safety relief valve operation
Reduction of main steam isolation valve seat leakage
Reduction of existing pilot operated safety relief valve
maintenance

A better reporting system carrying more detailed information of valve
failures is necessary, if the industry is to expeditiously solve its valve
problems. The type of valve failure, the valve manufacturer and model
number, details of the valve failure and the subsequent repair should be
included.

Meetings or conferences with A/E's, utilities and manufacturers should
be held to ensure that the findings of this investigation are given the
widest industry exposure.

Also, overseas experience with valve problems should be investigated,
in order to obtain the data available about valve operating experiences at
LWR nuclear plants outside of the U.S.

Finally, the need for full-scale test facilities for liquid, steam and
two-phase flow to adequately test valves is apparent. A large number of
manufacturers have stated the need for such facilities. Testing large
equipment in the few U.S. independent laboratories capable of doing so is
very expensive and the U.S. facilities are limited to quality valves for
full flow testing. A national test facility in which manufacturers could
test, develop and qualify their valves for uee in light water reactors
would significantly increase their reliability and effectiveness.
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TABLE I

VALVE FAILURES CAUSING TRIPS

LIGHT WATER REACTORS

DECEMBER 1972 TO MARCH 1979

BWR PWR
CATEGORIES Events % of Total Events % of Total

Pilot Operated Safety
Relief Valves 19 57.6 1 3.3

Spring Operated
Safety Relief Valve (Main Steam)

Main Steam Isolation Valve

Feedwater Regulating Valves

Turbine Control Valves

Valve Leaks in Containment

Feedwater System

Pressurizer Spray Valve

Operator Error

Others

33 30

0

4

1

3

3

-

-

2

1

0 .0

12.2

3.0

9.0

9.0

-

-

6 .0

3.0

1

7

10

1

1

4

1

-

2

3 .3

23.3

33.3

3 .3

3 .3

13.3

3 .3

-

6 .3
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TABLE^II

VALVE mLURES_CAUSINC

DECEMMR 1972 TO MARCH 1979

Leakage from Stem Packing

Leakage: from Bonneta

Valve Operator Failure

Pilot Operated Safety Reliet Valve

Spring Operated Safety Relief
Valve (Main Steam)

Main Steam Isolation Valve

Control Rod Drive System Scram
Pilot Valve

Containment Isolation Valve

Pressurizer Spray Valves

Feedwater Regulating Valves

Feedwater System valves

Turbine Control Valves

Others 5 5.3

Events

20

1

12

24

2

4

3

3

BUR
% of Total

21.0

1.0

12.8

25.5

2.0

4.2

3.2

3.2

Events

20

4

3

0

3

4

0

PWR
7, at Total

34.5

6.9

5.2

0

5.2

6.9

0

5

3

4

4

8

8.6

5.2

6.9

6.9

13.7

74 58

NOTE: Valve Operator Failures in BWR were mainly motors for isolation
valves. In PWR, pneumatic diaphragm operators failed most.
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A REACTOR SAFETY SYSTEM PUMP
ITS DESIGN EVOLUTION AND QUALIFICATION

by

Philip J. Nagengast
Ingersoll-Rand Company
Cameron Pump Division

Phillipsburg, New Jersey 08865

ABSTRACT

The design evolution of one type of reactor safeguards system pump is
described in detail. The pump meets ASME N-Stamp, Class 2 requirements and
is used for reactor heat removai and containment spray services. The original
pump design applied to this service was of the conventional vertical in-line type,
while the current design incorporates a bowl-type pump casing for structural
symmetry and integrity, and an internal diff usor to enhance hydraulic performance.
Discussed are:

(1) The upgrading of the purchaser design specifications and quality
control requirements which prompted most of the design improvements,

(2) The analytical techniques and test methods employed to qualify the
design for its intended service, and...

(3) Improvements in the design dictated by field operating experience.

DESIGN EVOLUTION

The vertical in-line W-type pump originally provided for reactor heat removal
service is depicted on Figure 1. These pumps were sold in 1967, at a time prior
to the development of the ASME Pump & Valve Code. Basically, this unit is a
close-coupled pump, designed to satisfy continuous heavy duty service criteria.
The impeller is mounted directly on an extended motor shaft. The principal advantage
offered by the vertical arrangement is positive pump and driver alignment, which
is accomplished through precision machined rabbet fits on the motor support.
This isolates the running clearances between the rotor and stator elements from
the influence of external piping loads, or transients in the temperature of the
pumped fluid. The pump is installed into the piping system much like a valve,
though it may have a support placed beneath the casing to carry the dead weight
of the unit. Good resistance to pipe strains is provided in the casing construction
by the addition of ribbing between the nozzles and the volute section of the casing.

As nuclear plant design technology continued to develop, design specifications
and quality control standards became more stringent. In particular, the cast pressure
containment elements of the pump had to be upgraded to radiographic quality.
While the in-line casing configuration optimizes the hydraulic performance (by
providing for a gradual acceleration of the fluid as it passes from the inlet connection
to the impeller eye, and uses outlet flow channels of the double volute collector
design to efficiently diffuse the high velocity fluid leaving the impeller and minimize
radial unbalanced forces on the impeller) it results in a rather complex casting
design not well suited to radiographic examination. From an overall structural
viewpoint, the elevated position of the motor mass, and the lack of direct attachment
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of the pump to a support structure sometimes require snubber attachments to
improve the stability of the unit from the standpoint of seismic considerations.
Without the added restraints, the pump nozzles are required to carry all of the
seismically induced forces. An improved design was therefore developed in
1970 in response to these needs. This was the WD type pump. See Figure 2.

The motor, motor support, impeller and shaft seal elements all remained
the same as in the original design. The symmetrical bowl-type casing and cover
which replaced the original casing has a number of obvious advantages. These
benefits are primarily attributable to the symmetry of the casing design and the
relative uniformity of the wall thickness. Structural analysis is greatly simplified;
the casing is more resistant to thermal transients; the geometry of the case makes
it easier for the foundry to cast and also offers good accessibility for radiographic
examination; and, with regard to operability and maintenance, the probability
of non-uniform distortions within the pump are reduced to a minimum. The bottom
iniet provides a good flow pattern approaching the impeller and minimizes net
positive suction head requirements. The diffusor offers an efficient way to convey
the fluid from the impeller discharge into the bowl section of the casing. An
additional advantage of the diffusor arrangement is that it is also possible to optimize
the hydraulic performance for varying plant designs. Different combinations
of impellers and diffusors can be fitted into the standard bowl design. This approach
actually permitted the extension of the reactor heat removal pump design to con-
tainment spray service. The latter service required somewhat lower flow but
higher developed pressures than did the reactor heat removal service. And, lastly,
three widely spaced feet were provided on the outer surface of the casing just
below the main flange surface. These allowed the unit to be self-supporting
structurally, giving it significantly improved resistance to earthquake excitations,
and making it capable of supporting piping loads.

Unfortunately, some casting quality problems were still encountered at
the foundry level, and there were also a few difficulties with dimensional stability
of the casting during the machining operations. Stringent delta ferrite control
requirements were added to the customer specifications at this time. This
increased the difficulty of accomplishing casting weld repairs, and repair
time became more difficult to control. Eventually, a third generation design was
developed.

In 1973-1974, the current WDF forged case and cover design replaced the
WD unit. Again, the motor and rotor part designs were retained, as were those
of the impeller and diffusor components. This latest design, depicted in Figure
3, is still in use today. The casing is made by a closed die forging process. The
suction pipe is a separate element bolted to the casing bottom. Note that the
main flange has been flaired outward rather than inward, as it had been on the
cast bowl casing. This was found to be necessary to achieve good material flow
during the forging process. The larger casing opening results in a heavier con-
struction for the cover. This has the advantage of improving visual access to
the casing interior and also results in a much more sturdy support for the pump
and motor assembly. The fabricated motor support, which carries the weight
of the motor onto the pump cover, was made proportionately heavier and more
rigid. A complete assembly is shown on Figure 4.
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DESIGN QUALIFICATION

The WDF pump is qualified for nuclear service by a combination of analysis
and test. The motor manufacturer performs an analysis on his unit and also does a
test to establish the natural frequency. The pump-motor assembly is checked for
natural frequency by analysis. The mode frequency analysis option of the ANSYS
general purpose finite element computer program is used. The finite element model
is shown in Figure 5. The model includes the pump casing, motor housing, rotor elements
and pump support feet. The weights of the various components are assumed to
be concentrated at selected nodal points as shown on the figure. The lowest
natural frequencies are established to be greater than 33 Hz, justifying the use
of static analysis techniques for subsequent calculations.

Critical parts of the pump are evaluated for structural integrity under maximum
operating and seismically induced load conditions. The integrity of load-carrying
components is demonstrated by showing that stress levels are within the allowable
limits set forth in the ASME Code and supplemental customer specifications.

An axi-symmetric finite element analysis of the pump casing and cover
is made, again using the computer program ANSYS. See Figure 6. Superimposed
on the basic pressure stresses determined by this method are the additional stresses
found at the nozzle-to-casing junctions due to externally applied piping loads,
and stresses in the vicinity of the foot attachment which result from the forces
acting at the anchor bolts.

Operability considerations addressed analytically are the shaft stress, the
deflections at the shaft seal and impeller wear ring areas, and the shaft supporting
bearings. Auxiliary components attached to the pump, such as the seal piping,
cyclone separator, the pump cooler and its support bracket are also evaluated.

The test programs employed to further qualify the design of this pump include
conventional hydraulic performance tests. These are used to establish the head
capacity relationship, the overall efficiency of the unit and net positive suction
head requirements. These tests are carried out in a closed loop system in which
the quality of the water is closely monitored in order to avoid contamination of
the pump elements. A special test was also performed on one WDF unit to verify
that the minimum running clearances provided within the pump wouuld be adequate
to avoid seizure of the rotor element under the transient temperature modes. The
specified transient for these units is 32 F to 350°F within a period of ten (10) seconds.
On shop test, the pump was exposed to several transient cycles with succeedingly
higher temperature differentials, as depicted on Figure 7. In each test the pump
operated successfully through the transient and test period. A visual inspection of
the unit was conducted after each transient test to assure that no unacceptable
running contact occurred during the transient process.

MAINTAINABILITY

In developing the subject pump design, the aspects of maintainability were
a prime consideration. One aspect was to keep the number of parts employed
in the design to an absolute minimum, particularly with regard to fasteners used
internally in the pump. Referring back to Figure 3, it may be noted that disassembly
of the pump elements from the casing can be accomplished by simply removing
the main flange bolting. The entire topworks of the unit through to the impeller
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can then be lifted clear of the casing. The pump diffusor is a separate element
which rests on the internal suction pipe. The pipe is firmly bolted to the casing.
Opening of the pump to this extent perm its an examination of the front wear
ring area of the impeller and the corresponding casing ring. These are the more
critical running fits in the pump because they are at the end of the rotor assembly
where shaft deflections would be a maximum. Examination of the seal faces requires
the removal of the pump impeller from the shaft, and the removal of the pump
cover assembly from the lower end of the motor bracket.

Recognizing that a significant level of radiation could exist through the
removaj of the main casing flange, an improved version of the pump has been
developed. It is a design which incorporates a rigid shaft coupling between the
motor and the pump, and a pullout type cartridge seal assembly. A suitable coupling
design was developed for this purpose and proven out during a prototype shop
test. The advantage of such an arrangement is that the shaft seal elements, which
are the most sensitive wear item within the pump assembly, can be inspected
with only the removal of the coupling, the seal gland and seal elements. To accomplish
this only the seal cavity opening is exposed, and radiation exposure levels would
be far lower than those which would be encountered with the removal of the large
casing cover.

OPERATING HISTORY

The pumps described above have compiled a very good service record. Two
design improvements were incorporated into the units based upon field experience.
An early design modification to the W and WD-type units was a change in the type
of static seal used underneath the shaft seal sleeve. Originally a fiber type gasket
was used at the shaft shoulder where the sleeve hooks over the shaft. Some pumps
developed a leak between the sleeve and the shaft, and upon disassembly of the unit
the gasket was found to be crushed or extruded. This difficulty was attributed to
differential thermal expansion of the impeller and sleeve pieces relative to the shaft
when the pump experienced cold-to-hot thermal transients. The impeller and lower
end of the sleeve would expand more quickly than the shaft and create a high com-
pression on the gasket from which it was not able to recover. The gasket was replaced
by an O-ring seal located part way along the bore of the sleeve. Installed pumps were
all upgraded to the O-ring new design, and no further leakage problem- have been
experienced in this area.

The second improvement involved the impeller locknut arrangement. Originally,
locking of the impeller onto the shaft was accomplished by use of a double (jam)
nut. On several occasions pumps developed vibration during plant shakedown
operations. On disassembly of the pump it was found that the nuts were not as
firmly locked as when the pump was originally installed into the system. We were
unable to pinpoint the cause of this problem, but the development of a better design
seemed warranted. The revised design is illustrated in Figure 8. To achieve positive
locking, a pin (29) is inserted into the backface of the impeller washer (246A). This
pin fits into the end of the impeller keyway. On the front side, a tabwasher (2*6B)
is employed. An inner tab is bent into a keyway slot provided in the impeller washer,
and an outer tab is bent against the flat surfaces of the impeller nut (179). A retrofit
program on the new impeller locking nut arrangement is now about 75% complete.
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Figure 1 Inline Close-Coupled Design

See Fig. 8

Figure 2 Cast Casing Configuration
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Figure 3 Forged Casing Configuration
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1
3
6
8
10
11
56
82
68
172
246A
246B
264
269
332
363A
363B
429
429A
456
35A2A
35A2B
62A3
66A3
38A4
46A4
22A4
26A13
18A5

NAME OF PART

CASING
IMPELLER (248-302 EHN)
CASING RINGS (265 EHN)
SHAFT SLEEVE (262-302 EHN)
SHAFT-FURNISHED BY MTR. MFG.
KEY-IMPELLER AND SHAFT SLEEVE
DIFFUSOR
LOCK SCREWS

CfTY.

1
1
2
1
1
1
1
6

STUFFING BOX BUSHING (352-415 BHN) 1
SUPPORTING HEAD
WASHER
TAB WASHER
STUFFING BOX EXTENSION
SUCTION RING
PUMP FEET
GASKET-STUFFING BOX TO CASING
GASKET-DIFFUSOR TO SUCTION RING
MECHANICAL SEAL-COMPLETE
GLAND RING
O-RING
CK5GESM (.750)
CHP3CHEW (.500)
GLAND STUDS (.750)
STUDS (2.000)
GLAND NUTS (.750)
NUTS (2.000)
IMPELLER NUT (1.250)
ANTI-ROTATION «"» (DRTV..'~^
ONE-TAB WASHER

* Code Parts

1
1
6
1
1
3
1
1
1
1
1
4
8
4
24
4
24
1
1
1

MATERIAL

•ASME SA182 F304
ASTM A296 CA6NM (IR 805)
MONEL K-500 (IR 414HT)
AISI 410 COND. H (IR 65H)
ASTM A276 TY. 410 COND. T
ASTM A276 TY. 410 COND. T (IR 8i«)
ASTM A351 CF8M (IR 731)
AISI TY. 316 (IR 379)
AISI 410 COND. H (IR 65K)
ASTM A36/285 GR.C
ASTM A276 TY. 410 CCHD. T (IR- 814)
AISI TYPE 304 (IR 669)
•ASME SA182 F304
ASTM A351 CF8M (IR 731)
•ASME SA240 TY. 3C«
AISI TYPE 300 SERIES (IR 669)
AISI TYPE 300 SERIES (IR 669)
SEE DURAMETALLIC SEAL DUG.
•ASME SA240 TY. 316
ETKYLENE PRCPYLENE TERPOLYMER
ASTM A193 GR.B7 (IR 31*)
AISI TYPE 316 (IR 379)
•ASME SA193 GR.B7
•ASME SA193 GR.B7
•ASME SA194 GR.2H
•ASME 3A194 GK.2H
AISI TYPE 410
AISI TYPE 300 SERIES ( H 669)
AISI TYPE 300 SEMES (IB 669)
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SECTION B-B
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NOTES:-
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TIME-SECONDS

60 70 60 90

Figure 7 Thermal Transient Test Data
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Figure 8 Impeller Locking Arrangement
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SAFETY ASSESSMENT AND OPTIMIZATION
Reliability of a BWR-auxiliary feedwater pump

Jean-Pierre Bento

Studsvik Energiteknik AB, S-611 82 Nykoping, Sweden

ABSTRACT

A detailed reliability analysis of an auxiliary feedwater
pump of an ASEA-ATOM Boiling Water Reactor is presented.

The results underline that, in order to reach an optimized
balance — under accident conditions - between limited component
protection and the general safety objective of protecting the
reactor, careful consideration must be given to the design of
protective interlocks which can, by malfunction, spuriously block
the operation of large components performing important safety
functions.

Furthermore, the calculated value for the pump failure mode
"failure to start on demand" is significantly higher - a factor of
10 - than the corresponding figure, presented in WASH-1400.

Considering the pump failure mode "failure to run" the dif-
ference is not significant since our assessed values can be in-
cluded in the corresponding error bounds of WASH-1400.

INTRODUCTION

Assessments of the accident risks from the operation of nuclear
power plants were started in Sweden in 1974 with the so called Swedish
Urban Siting Study [1]. The WASH-1400 [2] was published almost at the
same time. This increased, also in Sweden, the interest in a broader
application of probabilistic methods for assessing and implementing the
safety of nuclear power plants.

The majority of the risk assessment studies performed in Sweden
[3, 4, 5] have used both the methodology and the data base presented in
che WASH-1400 report.

The Swedish risk analyses were applied to ASEA-ATOM BWRs - a
different design compared with the reactors analysed in [2], It is
therefore obvious that objections can be raised about the justification
for using such a partly "non-related" data base.
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Part of the answer lies in the fact that after a laborious -
continuous - development, appropriate Swedish data bases became
available, in part, at the beginning of 1979 [6, 7]..

Using these newly developed data bases, some detailed system and
component reliability analyses have been made.

WHY DID WE CASRY OUT THE STUDY?

The water supply to the reactor and the supply of electrical power
to the plant are two important safety functions. The large components
in systems which perform these functions are the feedwater pumps, the
auxiliary feedwater pumps and the diesel generators.

These components are in their turn complex machineries which, in
order to function adequately, depend on a number of auxiliary system
functions such as cooling, lubrication, air and fuel supply.

The functions of these auxiliary systems are controlled by monitors
and switches which, through various interlocks, can automatically block
the start and/or interrupt the operation of the pump or the diesel.
This is done in order to protect the components from failure due to
inappropriate operating conditions.

Such interlocks have so far been designed with regard mainly to
the protection of the associated pump or diesel generator, probably
without adequately considering the risk of loosing the corresponding
safety function.

In a situation in which the plant safety depends on the function of
the pump or the diesel, it seems more appropriate to protect the reactor
than the pump or the diesel generator.

To totally disregard the protection of important safety related
components in such a situation cannot, on the other hand, be recom-
mended because this can lead to the destruction of too many components.

The study, presented below, on the reliability of an auxiliary
fleedwater jnimp (AFWP) in an ASEA-ATOM BWR, provides a limited practical
Illustration of the importance of such a balance.

DESCRIPTION OF THE AUXILIARY FEEDWATER SYSTEM

The auxiliary feedwater system (AFWS) in an ASEA-ATOM BWR is a
redundant stand-by system used for feeding water into the reactor
vessel from the turbine condensor or the service water system in an
emergency. The AFWS will start whenever the power is lost or A-isola-
tion occurs, or when the normal feedwater system is inoperable. The
AFWS can also be used during low power operation.



-566-

The AFWS safety function is guaranteed, among other means, by two
redundant auxiliary feedwater pumps AFWS PI and P2 in figure 1.

A simplified drawing of the AFWS PI with its auxiliary lubrication
system is given in figure 3. The electric-driven oil pump, P5, has the
function of keeping piping and Pi's bearings filled with oil when PI is
on stand-by. When PI starts, the direct driven oil pump (DDP) also
starts, and it provides a higher oil pressure than does P5.

When the increasing oil pressure reaches 0.21 MPa, P5 is stopped
automatically by the pressure monitor K117. See figure 2.

When PI is on stand-by, the start of PI is interlocked by several
monitors. This means that at decreasing oil pressure (0.135 MPa) - or
decreasing water pressure (0.38 MPa) on the PI suction side - the start
of PI is automatically blocked by the pressure monitors K113 and K105
respectively.

At the same time, an alarm is received in the control room. The PI
start interlocks disappear when the increasing oil pressure reaches
0.148 MPa - or the increasing water pressure reaches 0.405 MPa.

If the decreasing pressure values mentioned above are reached
when PI is running, this would lead to the stop of PI. Futhermore, PI
is automatically stopped if an I or Y isolation signal, or a signal is
received for high-high water level in the reactor vessel.

THE AFWP START RELIABILITY

In this context, one must bear in mind the so called "30-minute
rule" which is often quoted by the vendor when assessing the overall
plant safety. This rule implies, briefly, that all corrective actions
needed within 30 minutes, in the event of a transient or operational
incident are initiated automatically.

Failure mode analysis

The dominating failures which can lead to the top event "Pi-
failure to start" are summarized below:

a) automatic pump start blocked:

inadequate water pressure on PI suction side,

inadequate oil pressure in Pi's lubrication system,

spurious interlocking signal,

repair of a lubrication syatea component,
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b) PI fails tc start - assuming automatic start not blocked:

pump hardware failure,

- no low-low signal from water level monitor in the reactor
vessel,

spurious isolation signal,

- no power to components,

Furthermore, PI can be under repair/ maintenance. A test proce-
dure, in itself, does not block the start of the AFWP.

A simplified fault tree of the AFWP failure mode "failure to
start" is presented in figure 4.

Failure data

In the present study, the utilized failure data have been derived
from operating experience of Swedish nuclear plants [6, 7].

The data presented in figure 4 comprise, in appropriate cases, the
mean time to repair (MTTR) of the associated component.

The estimated values for MTTR have been derived from [6, 7] and
are summarized below:

from [6] MTTR - 24 h for all components,

from [7] MTTR is

19 h for pressure monitors

27 h for P5

45 h for PI

23 h for valves

The probability for human error associated with instrument calibra-
tion procedures is derived from Swedish experience, and is within the
interval [l.HT3, W 0 ~ 3 ] .

THE AFWP RELIABILITY TO RUN

A median failure rate (IT1) has been calculated for the AFWP fail-
ure mode "failure to run". The analysis is quite siailar to that of the
start-up reliability. Therefore, only the results of that analysis will
be presented hereafter.
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RESULTS OF THE ANALYSIS

To assess the impact of some interlocks on the AFWP reliability,
two series of calculations were performed:

calculation of the AFWP reliability including all the present
automatic interlocks,

calculation of the AFWP reliability assuming that the oil pressure
monitors only provide alarm in the control room (without blocking
the start of the AFWP or stopping the electric driven oil pump
P5).

This assumption was made because it was deemed possible that the
AFWP could be started safely with a low pressure in the auxiliary lu-
brication system, provided the alarm is received in the control room.
Coupled with PI, the direct driven oil pump will be responsible, when PI
starts, for the necessary oil flow and pressure to guarantee the appro-
priate functioning of PI. The lubrication system functioning is displayed
in the control room by two oil pressure and two oil temperature (at Pi's
bearing) monitors.

The results of the reliability analysis of the AFWP are summarized
in the table below. The numbers refer to calculated median values.

To provide a frame of reference, the corresponding failure data for
pumps, as used in WASH-1400, are also presented in the table.

^ v ^ c a s e
c ., ^^"^.studied
failure ^>v^^
mode ^"^-^^

failure to start
- all causes

- start interlocked

failure to run (h )
(normal environment)

with present
automatic
interlocks

11 * 10~3

4.6 • 10~3

6.5 • 10~5

without oil
pressure
interlocks

8.2 • 10"3

2.1 • 10"3

3.6 • 10~5

WASH-1400

1 • 10"3

3 ' 10~5

As can be seen from the preceding table, the interlocks for the
automatic start of the AFWP can contribute as much as 50 Z to the failure
of the pump to start on demand, or to run. In our case study, faulty
interlocking signals can be caused by:

- the AFWP oil pressure monitor/switch,

the AFWP water pressure monitor/switch,

- faulty calibration of those items during testing/maintenance.
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CONCLUSIONS

The difference between the calculated failure data presented above,
and the corresponding data of the WASH-1400 report, is evident when the
failure mode "failure to start on demand" is considered. The two actual
values differ by a factor of about ten.

We also find that the oil pressure interlocks for the automatic
start of the auxiliary feedwater pump can lower the pump reliability to
start on demand or to run by as much as 50 %.

Considering the failure mode "failure to run", the difference is
not so obvious, and our assessed values can be included in the corresponding
error bounds in WASH-1400.

In order to reach an optimized balance, under accident conditions,
between limited component protection and the general safety objective of
protecting the reactor and its surroundings, the above study has shown
that careful consideration must be given to the design of protective
interlocks, which by malfunction can spuriously block the operation of
large components, which perform important safety functions.

In future when designing these interlocks, more consideration
should be given to improving the reliability of safety functions through
an optimized balance between:

- the risk of loosing the pump, diesel or, other machine due to
improper operation conditions and,

the risk of loosing the safety function through the premature
interference of protective signals.

In relation to this balance the designer/vendor should guarantee
that the component function reliability is not shadowed by too much
component efficiency thinking.
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Figure 3
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THREE MILE ISLAND SYSTEM THERMAL-HYDRAULIC ANALYSIS
USING TRAC*

John R. Ireland

Energy Division
Los Alamos Scientific Laboratory

University of California
Los Alamos, New Mexico 87545

ABSTRACT

The Three Mile Island (TMI) nuclear plant was modeled using
the Transient Reactor Analysis Code (TRAC) and a preliminary calcu-
lation, which simulated the in i t ia l part of the accident that
occurred on March 28, 1979, was performed. The purpose of this cal-
culation was to provide a better understanding of the system thermal-
hydraulic response during the first 3 h of the accident and to eval-
uate how well TRAC results compared to the overall accident scenario
and measured system parameters. The calculated system pressure,
loop temperatures, and pressurizer level are al l in good agreement
with measured data. Phase separation and partial core uncovering
occurred after the A-Loop pumps were tripped at 100 min, and the
resulting core temperature excursion was severe enough to cause
zirconium-steam reactions that produced the hydrogen bubble. The
calculated peak core temperature after 3 h was ~1800 K, and the top
75% of the core was uncovered at this time. The core temperature
excursion was terminated in the accident when the High-Pressure
Injection System (HPIS) was returned to nonthrottled flow rates at
3 h and 20 min, enhancing the core cooling rate. (TRAC calculations
were terminated at 3 h because the core modeling was no longer
real i s t ic . )

INTRODUCTION

The TRAC program* was used to model and simulate the i n i t i a l part of the
accident that occurred at Three Mile Is land (TMI), Unit 2 , on March 28, 1979,
and a preliminary c a l c u l a t i o n was performed. The purposes of th i s c a l c u l a t i o n
were t o :

• provide i n s i g h t i n t o the system thermal-hydraulic phenomena that
occurred during the i n i t i a l accident s t a g e s , and

• evaluate and a s s e s s the a p p l i c a b i l i t y of TRAC to small-break loss—
of-coo lant accident (LOCA) s c e n a r i o s .

*Work performed under the auspices of the United S t a t e s Nuclear Regulatory
Commission.
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TRAC has been as se s sed aga ins t data from experiments such as Semisca le ,
LOFT, F l e c h t , 2 and reasonable comparisons have been obtained. I t s c a l c u l a -
t i o n a l c a p a b i l i t i e s were not developed for and have not been t e s t e d aga ins t
long-t ime duration experiments t y p i c a l o f the TMI a c c i d e n t . In p a r t i c u l a r ,
TRAC does not account for noncondensible gase s (such as hydrogen generated by
zirconium-steam r e a c t i o n s ) nor does i t account for changing core geometry
caused by cladding b a l l o o n i n g , rupture, ox ida t ion , breakup, or fue l motion.
Never the l e s s , the TRAC base -case r e s u l t s agree we l l with known system c o n d i -
t i o n s during the f i r s t 3 h of the TMI accident and provide a foundation for
making d e t a i l e d comparisons against a l t e r n a t i v e system/operator responses
during the accident sequence, i n v e s t i g a t i n g longer term TMI acc ident e v e n t s ,
and making e s t imates of the reactor core thermal-mechanical behavior .

TRAC SYSTEM MODEL AND STEADY-STATE CALCULATION

The TRAC model of the TMI system for these c a l c u l a t i o n s i s shown i n
Fig. 1 and i n i t i a l l y used 24 c e l l s in the reactor vesse l and 42 c e l l s in the
2 system loops. Each loop contains a primary coolant pump and a once-through
steam generator (OTSG). In the actual system? there are two cold legs per
loop, each with a primary coolant pump, but these were combined in the TRAC
model to reduce the number of c e l l s . The High-Pressure Injection System
(HPIS) to each cold leg i s modeled, and the letdown system and pressurizer are
attached to the A Loop.

Figure 2 shows the three-dimen-
sional vesse l noding. The vessel con-
s i s t s of 177 fuel assemblies with 208
fuel rods per assembly (the 15 by 15
array also includes guide tubes).
These fuel assemblies are modeled in
TRAC using one radial ring and two
azimuthal sectors. The axial core
noding was increased from three axial
levels to five at 81 min to yield
more axial detail for natural c ircula-
tion and phase separation after the
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Fig . 1. TRAC component schematic for
TMI.

F ig . 2 . TMI v e s s e l d e t a i l s .
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primaiy coolant pumps were tripped. With this noding, two average fuel rods
(24.3 kW/m) are used to couple the fuel-rod heat transfer to the fluid
dynamics. Two additional rods are used to model the high- (35.8-kW/m) and
low-power (12.0-kW/m) rods in the core. The lower-plenum, upper-plenum, and
upper-head regions are each modeled using one axial l eve l .

The hot-leg noding consists of three ce l l s in each hot leg to model the
in le t nozzle, vert ical r i s er , and "candy-cane" regions (components 1 and 11 in
Fig. 1.) The pressurizer i s modeled as a constant pressure boundary condition
for the steady-state calculation (component 121 in Fig. 1). For the transient
calculation, however, the pressurizer i s modeled using two pipe components.
The lower pipe models part of the pressurizer surge l ine and the bottom sec-
tion of the pressurizer. The upper pipe models the top of the pressnrizer and
the pressurizer r e l i e f v?lve (PORV). The rel ief -valve choking is modeled by
using the fully implicit hydrodynamics TRAC option. Using very fine noding,
the choking is calculated naturally from an implicit solution of the equations
of mass, momentum, and energy. The OTSGs are modeled using seven c e l l s on the
primary side and five ce l l s on the secondary side. The complete secondary
system is not modeled; the boundary conditions to the OTSGs, describing the
feedwater flow and steam l ine back pressure, are given by known system
conditions during the accident.

Based on the geometry and noding described above, a steady-state calcula-
tion was performed to obtain i n i t i a l conditions prior to the accident. The
TRAC-calculated i n i t i a l conditions were compared with results from the Babcock
and Wilcox code CRAFT-2̂  and reasonable agreement was obtained for a l l
system parameters including total system flow rate, pressure, and loop
temperatures.

TRANSIENT CALCULATION

Using the steady-state resul t s , the transient calculation was in i t ia ted .
For the transient calculation, boundary conditions were required for the OTSG
secondary s ide , PORV back pressure, e tc . These conditions were obtained from
plant data and available information.5~8 A sequence of events also was
needed to simulate operator interaction with the system and actual plant
signals or trips that occurred. Table I shows a sequence of events developed
from available information.5~8

For certain portions of the transient calculation some conditions had to
be assumed. The assumptions used were decay power obtained from Ref. 8; feed-
water flow vs time ramped to zero over a 90-s time interval at the beginning
of the transient (to account for the stored water mass in the OTSG downcomer,
a 90-s time interval was used); a 27.5-kg/s makeup pump full flow capacity
(each); a 6.1-kg/s throttled flow rate for makeup pumps; letdown flow assumed
to be equal to makeup flow for t < 13 s and for t > 8 280.0 s; letdown flow
greater than makeup plus HPIS for 600 < t <; 8 280 s; a 31.3-kg/s auxiliary
feedwater flow for each OTSG ( later reduced to match secondary-side water
l e v e l ) ; PORV noding determined by using rated (15.0-kg/s) saturated steam flow
conditions; and from t = 101 min until 120 min, 15-kg/s letdown flow used to
match primary system pressure. The pressurizer heaters and sprayers were not
modeled.

The transient calculation was ini t iated by turning off the feedwater flow
to the OTSGs. As the system pressurizes above the normal operating range, the
PORV at the top of the pressurizer opens. The system pressure continues to
r i s e unt i l the reactor i s scrammed at about 10 s . A depressurization period
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TABLE I

THREE MILE ISLAND—UNIT 2
SEQUENCE OF EVENTS USED FOR BASE-CASE CALCULATION

Time ( s ) Event

0.0 I n i t i a t e loss of feedwater flow
10.5 Trip reactor power
13.0 Start makeup pump 1A full flow 27.5 kg/s

120.0 Start makeup pump 1C full flow 27.5 kg/s
194.0 Throttle pumps 1A and 1C to 6.1 kg/s each
278.0 Trip Pump 1C—continue pump 1A at 6.1 kg/s
300.0 Ini t ia te letdown flow of 8.6 kg/s
418.0 Reduce letdown flow to 4.5 kg/s
480.0 Start auxiliary feedwater flow of 31.3 kg/s
624.0 Trip pump 1A—continue letdown flow
700.0 Start pump 1A (makeup + HPIS = 1.85 kg/s)

3 824.0 Turn off letdown
4 380.0 Trip primary pumps—Loop B
4 860.0 Turn off HPIS and auxiliary feedwater flow
5 460.0 Ini t ia te HPIS—4.4 kg/s

Ini t iate letdown 4.4 kg/s
Ini t ia te auxiliary feedwater flow to OTSG A

6 000.0 Trip primary pumps—Loop A
6 060.0 Reduce HPIS—2.2 kg/s and increase

letdown—15 kg/s
7 170.0 Turn off HPIS and decrease letdown—4.5 kg/s
8 280.0 Shut PORV block valve and turn off letdown

then begins and the system pressure drops until the OTSG secondary side dries
out at -2 min. The system again begins to pressurize because of loss of heat
sink and the pressure continues to rise until auxiliary feedwater flow is
established at 8 min. Then, the system depressurizes because of enhanced heat
transfer in the OTSGs until an equilibrium state is attained among the decay
heat produced in the core, the energy removal in the OTSGs, and the energy
removal through the PORV.

The first 120 min of the accident sequence are well simulated by TRAC,
particularly the system pressure (Fig. 3.) ; the loop temperatures (Fig. 4, the
B-Loop temperature comparisons are similar); and the pressurizer level
(Fig. 5) . The in i t i a l differences in pressurizer level response can be
attributed to uncertainties in makeup and letdown flow rates. After the
system pressure becomes relatively stable, the flow from the PORV also
stabilizes at about 20 kg/s (Fig. 6). Coolant is lost continually from the
system through the PORV and the letdown system because i t was assumed that the
letdown flow was greater than the HPIS and makeup flows by about 2.7 kg/s.
Calculated core temperatures (Fig. 7) remain low, however, during the f i rs t
120 min because of the good cooling provided by boiling in the core, which
offsets the coolant losses and maintains a stable system pressure.
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Fig. 3. Core void fraction axial
profile after 4 860 s.

The system mode becomes more transient after the B-Loop pumps are tripped
at 73 tnin as opposed to the semi-quasi-steady mode prior to this time. After
the B-Loop pumps are tripped, the system pressure rises (Fig. 3) because of
heat-transfer loss in the B-Loop OTSG and the increasing A-Loop OTSG back
pressure. Because the A-Loop pumps are s t i l l running, good heat transfer is
available through the A-Loop OTSG, causing the primary system pressure to
follow the secondary-side pressure. At 91 min, the primary system pressure
decreases because of increased auxiliary feedwater flow to the A-Loop OTSG and
increased letdown flow. This also causes the pressurizer water level to
decrease (Fig. 5). The system pressure continues to decrease at a constant
rate until the A-Loop pumps are tripped (Fig. 3). The slope of the pressure
curve then changes because of forced convection loss through the A-Loop OTSG.

When the A-Loop pumps are tripped at 100 min, forced convection cooling
is lost and the system is operating in the natural circulation mode. Also,
the core becomes partially uncovered (top two core levels in the vessel,
Fig. 2) after phase separation occurs throughout the system. This is graphi-
cally illustrated in Fig. 8, which shows the void fraction profile in the core
after 81 min. The curves represent the void fraction in each axial level from
the bottom to the top of the core (refer to Fig. 2 for the vessel noding dia-
gram). When the core uncovers, the fuel-rod temperatures increase to about
700 K (Fig. 7). This tercperature rise was terminated by core rewetting caused
by some of the water in the loops emptying into the vessel. Phase separation
in the loops results in an elevation head in the OTSGs, which is large enough
to force some water into the vessel. This additional water in the core begins
to boil off as the system depressurizes and the core again begins to uncover
at about 120 min (Fig. 8). From this point on, the fuel rods continue to heat
(Fig. 7).

The beginning of core uncovering at 100 min, as calculated by TRAC,
agrees with the data analyzed by EPRI.-> For example, in comparing the mass
inventory in the primary system from the TRAC calculation to that reported by
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EPRI, i t is seen that after 100 min TRAC calculates the tota l system mass loss
to be 1.275 x 10^ kg, while EPRI gives a range of 1.05 x 10^ kg (minimum)
to 1.235 x 105 (maximum). TRAC calculates about 3% higher mass loss than
the EPRI maximum estimate. Also analyzed by EPRÎ  was the core-mixture-
level data after 100 rain. Figure 9 shows a comparison of the EPRI data with
the TRAC calculation. This comparison shows that the assumed TRAC makeup and
letdown flows give a reasonable approximation to the core mixture level
history and the time to substantial core uncovering.

From about 120-138 min the core water level drops and the rods heat at
roughly 1 K every 4 s. The vapor ve loc i t i e s are on the order of 0.5 m/s and
the PORV and letdown flow rates enhance the flow rate through the core. This
causes the heat transfer coeff icients to be higher than those calculated by
natural convection. The loops are essent ia l ly void after 138 min; water
remains only in the pump suction legs . The pressurizer level dropi, because of
increased letdown and liquid flashing as a result of depressurization.

At 138 min the block valve, which is in ser ies with the PORV, was shut.
When the block valve i s shut, the steam flow in the core stagnates, because
there is no escape path for the vapor. Also, the water in the pump suction
legs (loop seals) prevents any flow through the loops; hence, there i s no
natural circulation through the system. The system begins to pressurize and
continues to pressurize for the remainder of the calculation. Figure 10 shows
the TRAC calculated pressure history compared to the TMI data. Also shown is
the pressurizer water level history. During this period the vapor v e l o c i t i e s
through the core are generally less than 0.1 m/s and the heat transfer coeff i -
cients are very low (on the order of 50 W/m ŝ K, representative of natural
convection to super-heated steam). The vapor begins to superheat because the
flow i s stagnant and the rod temperatures continue to increase (Fig. 7) ,
except for a brief temperature drop at 9600 s. This temperature decrease i s
caused by boiling in the lower core c e l l s , which enhances the vapor v e l o c i t i e s
for a brief period unti l these c e l l s become void. When these ce l l s dry out
the vapor ve loc i t i e s decrease and the rods again heat (Fig. 7 ) . The rods
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Fig. 9. Core mixture level compari-
sons after 6 000 s.

Fig. 10. TRAC comparisons with
TMI data for 3 h.
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continue to heat at roughly the same rate as before (IK every 4 s) until the
zirconium-steam reaction begins to provide a significant additional heat
source (at 1 273 K). After this time the temperature rise rate increases to
about 1 K/s. Also, because the upper plenum is completely void at this time,
the superheated vapor from the core transfers some energy to the upper-plenum
structures causing them to heat. This also is shown in Fig. 7, It is seen
that the upper-plenum structure becomes quite hot after 138 min. The calcula-
tion was stopped when the rod temperatures exceeded 1 650 K.

At ~3 h, the lower plenum in the vessel remains full of water and the
bottom core level has roughly 70% water remaining in i t . Only the top 752 of
the core is uncovered. The fuel-rod temperatures remain relatively cool in
the lower core region because some water is s t i l l available for cooling. Also,
referring to Fig. 10, the pressurizer level is increasing both in the TRAC
calculation and in the TMI data during this time. The pressurizer never
empties because the steam produced in the core is condensed in the pressur-
izer, and the higher pressure steam "holds up" the pressurizer water.

SUMMARY

In summary, f o r t h e s e q u e n c e o f e v e n t s and a s s u m p t i o n s u s e d , t h e TRAC
r e s u l t s are in good agreement with the measured system parameters to about
3 h. This c a l c u l a t i o n has provided a b e t t e r understanding of the system
thermal-hydraulic phenomena that occurred at TMI on March 2 8 , 1979, and hope-
f u l l y w i l l lead to c a l c u l a t i o n s that might re so lve some important s a f e t y -
r e l a t e d ques t ions . F i n a l l y , th i s c a l c u l a t i o n shows that TRAC can be appl ied
to long-term accident scenar ios with reasonable conf idence .

REFERENCES

1. "TRAC-P1A, An Advanced Best Estimate Computer Program for PWR LOCA
A n a l y s i s , " Los Alamos S c i e n t i f i c Laboratory report LA-7777-MS (May 1979) .

2 . J . C. V i g i l and K. A. Williams ( E d s . ) , "TRAC-P1A Developmental
Assessment," Los Alamos S c i e n t i f i c Laboratory report IA-8056-MS (October
1979) .

3 . "Three Mile Is land Nuclear S t a t i o n , Unit 2 , " License Appl i ca t ion , FSAR,
Vol . 1-10 (Metropolitan Edison Co. , 1974) .

4 . Babcock and Wilcox, personal communication (Apri l 1979).

5 . "Analysis of Three Mile Is land-Unit 2 Accident ," Nuclear Safety Analys i s
Center report NSAC-1 (July 1979).

6 . L. S. Tong, U. S. Nuclear Regulatory Commission, pr ivate communication
(July 26, 1979) .

7. "Inves t iga t ion into the March 28 , 1979 Three Mile Is land Accident by
Office of Inspect ion and Enforcement," U. S. Nuclear Regulatory
Commission I n v e s t i g a t i v e Report No. 50-320/79-10 , NUREG-0600
(August 1979) .

8 . Nuclear Legislative Advisory Service, Issue 17 (April 13, 1979).



-582-

ANALYSIS OF EARLY CORE DAMAGE AT THREE MILE ISLAND
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ABSTRACT

Reactor core damage has been estimated for the first 12 600 s
(3:30 h) of the March 28, 1979 accident at the Three Mile Island -
Unit 2 nuclear power plant. Fuel rod temperatures and primary
system pressures from the thermal-hydraulic simulation of the
accident performed with the Transient Reactor Analysis Code (TRAC)
and from extrapolations constitute the basis for the estimates.
Calculations indicate extensive cladding ballooning, terminated by
cladding rupture at, or before, 9 195 s (2:33 h) from the start of
the accident. Zircaloy cladding, at prolonged elevated temperatures
in a steam environment, oxidized and embrittled over an average of
approximately 1 m of its 3.7 m length. Extrapolation of
TRAC-calculated temperatures indicates that at 11 100 s (3:05 h),
unoxidized cladding started melting at a fractional axial core
elevation of 0.75. At 12 120 s (3:22 h), the time of the first core
reflood, severely oxidized cladding probably fragmented because of
rapid, quenching.

INTRODUCTION

Los Alamos Scientific Laboratory (LASL) Reactor Safety groups have
performed a detailed mechanistic analysis* of a best-estimate composite
sequence of events2*3 for the March 28, 1979 accident at the Three Mile
Island - Unit 2 (TMI-2) nuclear power plant. This paper focuses on one aspect
of that study, the estimation of reactor core damage that occurred during the
first 12 600 s (3:30 h) of the accident. This time period includes the
prolonged core uncovering that was terminated by full high pressure injection
system (HPIS) flow at 12 000 s (3:20 h). The specific phenomena considered are

(1) cladding ballooning before rupture;
(2) cladding rupture;
(3) cladding oxidation, including the effects of hydrogen evolution,

cladding swelling, and cladding embrittlement;
(4) cladding and fuel fragmentation; and
(5) cladding and fuel melting.
Core-damage estimates for the first 11 050 s (3:04 h) of the accident are

based on the primary-system thermal-hydraul1c response4 calculated using the
Transient Reactor Analysis Code (TRAC).5 Average-power fuel rods are used
to represent the reactor core in TRAC. Peak-power fuel rods, related to the
average-power fuel rods by a multiplicative power factor, are employed to
determine maximum cladding temperatures. Limitations in TRAC, which was
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developed primarily to analyze much shorter, faster loss-of-cool ant accidents
than the TMI-2 accident, could impact these estimates. The degradation in
rod-to-coolant heat transfer caused by coolant-channel geometry deformation is
not modeled in TRAC's core thermal-hydraulic analysis. The increase in
primary system pressure and the decrease in steam condensation rates, both
caused by noncondensible gases (hydrogen, for example), are also neglected.
Despite these limitations, TRAC results agree very well with the measured
pressurizer level, primary-system pressure, and reactor-vessel inlet and
outlet fluid temperatures. Calculations of core damage to 12 600 s (3:30 h)
are based on extrapolations6 of TRAC-calculated fuel rod temperatures (Fig.
1) and primary-system pressure (Fig. 2).

CLADDING BALLOONING AND RUPTURE

TMI-2 instrumentation data^ and the TRAC analysis*»^ both indicate
excessive fuel rod temperatures and below-normal primary-system pressure
during the accident. For the pressurized TMI-2 fuel rods, these conditions
are likely to have led to cladding ballooning and rupture as the first
manifestations of core damage.

Time and axial location of cladding rupture are estimated using two
independent failure criteria: the first is based on a linear-life-fraction
rule7 employing the Larson-Miller parameter,^ and the second on a
rupture-stress correlation. The cladding hoop stress, ae, which is required
for both criteria, is estimated using the thin-cylindrical-shell equation,

*9 " <Pi " PO> Zx •

where Pj and Po are the time-dependent fuel rod inner and outer pressures,
respectively; d is the average cladding diameter; and T is the cladding
thickness. Po is the primary-system pressure shown in Fig. 2. The perfect
gas law is used to calculate P}. The gas volume and mass within the rod are
assumed to be constant during the transient. The gas temperature is assumed
to be the TRAC-calculated average fuel rod temperature.

TMI-2 fuel rods were prepressurized to 3.1 MPa (445 psi) at room
temperature.^ Babcock and Wilcox estimated the maximum fuel rod pressure at
the start of the accident from fill gas and fission gas to have been 8.2 MPa
(1 200 psi) at 589 K 1 0 or 4.2 MPa (607 psi) at room temperature. Cladding
ballooning, which will be shown to have preceeded cladding rupture, increased
fuel rod gas volume during the transient. Because of uncertainties in the gas
volume during the transient, the analysis is performed for initial
room-temperature pressures ranging from 2.5 MPa (363 psi) to 4.2 MPa (607 psi).

Cladding rupture is calculated with a linear-life-fraction-rule failure
criterion.7 The linear life fraction, LF, is defined a??
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where t is time in s and tr is the time-dependent stress-rupture lifetime in
s, determined fron a Larson-Miller parameter extrapolation of Zircaloy
rupture data11. For a specified hoop stress, a9, the stress-rupture
lifetime, tr, can be calculated for any temperature, T, from the
Larson-Miller parameter, LMP, given by

LMP(oe) - 1.8 - T [log10 ( ^ ) • C] ,

where T is in K, and LMP is dimensionless. For Zircaloy cladding, the
constant, C, is 20. LMP can be found for any value of oe, using a linear
interpolation of the data in Table I. The procedure used is to determine t\e
temperature at each time and axial location, calculate the cladding hoop
stress, oe; interpolate to get the Larson-Miller parameter, LMP; compute the
stress-rupture lifetime, tr; and integrate using the trapezoidal rule to
obtain the life fraction, LF. When the life fraction is unity, cladding
rupture is assumed to have occurred.

The results of this analysis are shown in Table II. To verify these
results, time and axial location of cladding rupture also are determined from
a rupture-stress criterion from MATPRO-11.12 When the cladding hoop stress
exceeds the rupture stress,

- 10(8.42 + 2.78 x 10~
3 T - 4.87 x 10"6 T 2 + 1.49 T3)

where or is in Pa anC T in K, cladding rupture is assumed to have occurred.
Agreement between the two methods is excellent, within 120 s (0:02 h) for most
cases.

The best estimate result is that cladding rupture occurred at a
fractional axial height of 0.85 to 1.00 at, or before, 9 195 s (2:33 h}.
Uncertainty in the fuel rod internal pressure leads to an uncertainty of
+ 750 s (0:13 h). The calculated rupture time is consistent with the observed
sharp increase in radiation-monitor readings in the containment-building dome
at 9 300 s (2:35 h). Because TRAC-calculated fuel-rod temperatures continue
to increase beyond the rupture time calculated for the average-power rod, most
of the fuel rods probably ruptured.

Cladding strain at rupture is estimated using a failure-strain
correlation from MATPRO-11.*3 For a rupture temperature of about 1 000 K,
this correlation predicts a total (uniform plus local) ballooning strain of 80
per cent. While this may be an overestimate, only a 30 per cent uniform
strain is required to cause rod-to-rod contact in the TMI-2 fuel assemblies.
The cladding of many fuel rods undoubtedly experienced large ballooning
strains before rupturing, causing some degradation in the heat removal from
affected fuel rods by reducing the coolant-channel cross-sectional flow area.

CLADDING OXIDATION: HYDROGEN EVOLUTION AND SWELLING

During the accident, fuel rod temperatures were high enough to permit the
cladding to oxidize. The oxide thickness on the outer cladding surface and
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the cladding mass gain (due to oxidation) are calculated using the Cathcart
isothermal parabolic rate equations from MATPRO-11.14 Because of prolonged
elevated cladding temperatures, these equations are used beyond the time and
temperature range of available data.

Cladding oxidation before the accident and at temperatures below 1 083 K
is negligible. Above 1 083 K the oxide thickness is calculated with

h (X,)2 + 2.252 x 10~6 / exp [-1.806 x 104/T(t)] dt

^ J
where t is time in s, tj and t2 are the time in s at the beginning and end
of the time interval, respectively, T is temperature in K, Xj and X2 are
the oxide thickness in m at the beginning and end of the time interval,
respectively. Above 1 083 K the cladding mass gain from oxidation is
calculated with

[ t2

(Wx)
2 + 3.360 x 10"1 f exp [-2.007 x 104/T(t)] dt

1/2

where V\ and Wg are the total mass gain in kg/m2 to the beginning and
end of the time Interval, respectively. Based on the molecular weights of
hydrogen and oxygen in water, the mass of hydrogen generated is about
one-eighth the cladding mass gain. The steam mass flow rate required to
sustain the oxidation rate is proportional to the calculated rate of cladding
mass gain.

Analysis of axially-dependent TRAC-calculated cladding temperatures
indicates substantial oxidation at a fractional axial height of 0.6 to 0.9,
about 1 m of the 3.7 m fuel rod. At the hottest axial location, a fractional
axial core height of 0.75, the outer third of the cladding thickness is
calculated to oxidize before the onset of cladding melting at 11 100 s
(3:05 h). Core-wide this amount of oxidation would have generated l?0 kg of
hydrogen. For typical TRAC-calculated reactor-vessel upper-plenum temperature
of 1 200 K and pressure of 10 HPa (1 450 psi), 130 kg of hydrogen would occupy
65 m3 (perfect gas law), which is about the volume of the reactor-vessel
upper head plus part of the upper plenum. Throughout the analysis, the
TRAC-calculated steam flow rate is adequate to sustain the calculated
oxidation. However, at the highest calculated oxidation rate, most of the
steam flowing through the core would be "converted" to hydrogen. High
thermocouple readings'2 between 14 400 s (4:00 h) and 18 000 s (5:00 h) from
the start of the accident indicate possible continued oxidation and hydrogen
generation.

Upon oxidation, Zircaloy undergoes a 50 per cent volumetric expansion.
Because the cladding inner surface is assumed unoxiuized, and hence is
unaffected by such swelling, the largest cladding outside diameter increase is
only 2 per cent. Thus, the calculated decrease in coolant-channel
cross-sectional flow area caused by oxidation is insignificant, and the core
coolability was affected much more by cladding ballooning.
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CLADDING ANO FUEL DISRUPTION

Core reflood with relatively cold water by the high-pressure injection
system at 12 000 s (3:20 h), following prolonged elevated core temperatures,
may have Induced cladding and fuel fragmentation. The likelihood of
unoxidized-cladding fragmentation is investigated by comparing the calculated
cladding thermal stress with a failure stress. The possibility of oxidized
cladding fragmentation is determined by comparing the calculated condition of
the cladding with experimental results.

The maximum stress for the unoxidized cladding during reflood is the
tensile hoop stress at the outer surface given by

- EaiT
0 mf

where a is the linear coefficient of thermal expansion, E is Young's modulus,
v is Poisson's ratio, and f is a factor1*15 to account for plasticity, and
hence slress reduction, at high temperatures. AT is the maximum differential
temperature change during the reflood. Using Kantorovich profiles,16 AT is
approximated by

fll U + 2/Bi) »

where To is the cladding temperature just before reflood, and Too is the
temperature of the incoming water. Bi, the Biot number, is defined by
Bi - hr/k, where h is the heat tranfer coefficient, and k is the cladding
thermal conductivity. Using approximate values for h, To, and Too, AT is
calculated to have been 120 K. The resulting thermal stress of 7.2 MPa is
well below the failure stress of unoxidized Zircaloy at temperatures below
1 500 K.17 Thus, it is unlikely that fragmentation of unoxidized cladding
occurred.

Oxidation of the outer surface of the cladding causes the cladding to
become brittle. Experiments18 indicat* that severely oxidized (one-third
cladding thickness} Zircaloy cladding fragments when quenched from 840 K to
410 K. Comparison of these experimental results with the calculated condition
of the cladding indicates that cladding over a 0.5 m length may have
embrittled and fragmented after initiation of full HPIS flow at 12 000 s
(3:20 h). Thereafter, bared hot fuel, even brittler than the cladding,
probably fragmented also.

The extrapolation of TRAC-calculated temperatures shows that cladding
melting, but not fuel melting, occurred. However, experiments1^ revealed
that by alloy formation, the uranium dioxide fuel dissolves in molten
Zircaloy. These experiments also Indicate that the calculated oxide cladding
sheath should have been thick enough to retain the inner melt until the
temperature reached 2 173 K. Drainage of the melt and refreezing at a lower
elevation into partial blockages further reduced the coolability of the
affected fuel rod assemblies. This visualization is consistent with the

^Details of the extrapolations may be found in Ref. 6.
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observed large core-wide variation in thermocouple readings? at 14 400 s
(4:00 h) to 18 000 s (5:00 h) from the start of the accident.

CONCLUSION AND SUMMARY

These analyses explicate the extensive reactor core damage that occurred
during the first uncovering and reflood of the core during the TMI-2
accident. Core damage estimates are based on TRAC-calculated pressures and
temperatures, and on extrapolations. Extensive cladding ballooning is
estimated to have been terminated by cladding rupture at, or before, 9 195 s
(2:33 h). Cladding oxidation produced a significant amount of hydrogen and
led to cladding fragmentation. Cladding melting and resolidification probably
formed partial blockages in affected fuel rod assemblies. Calculations based
on temperatures extrapolated beyond the onset of core disruption are somewhat
speculative. However, the good agreement between the estimated core damage
and available instrumentation data gives confidence in these detailed
mechanistic analyses.
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TABLE I

LARSON-MILLER PARAMETER VS HOOP STRESS FROM

CHALK RIVER ZIRCALOY DATA

Hoop Stress
(MP»)

6
12
25
40
£0
100
150

Larson-Miller Parameter
(10*)

4.26
3.95
3.78
3.60
3.35
3.07
2.88

TABLE I I

VARIATION IN RUPTURE TIME WITH INITIAL FUEL ROD PRESSURE

Room-Temperature
Fuel Rod Pressure

(MPa)

2.5

3.0

3.5

4.0

4.2

Cladding
Peak-Power Fuel Rod

(s) (h)

9 237 (2:34)

8 840 (2:27)

8 679 (2:25)

8 614 (2:24)

8 582 (2:23)

Rupture Time
Average-Power Fuel Rod

(s) (h)

10 230 (2:50)

9 195 (2:33)

8 872 (2:28)

8 743 (2:26)

8 711 (2:25)
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EXTRAPOLATION RESULTS

CLAD MELTING

aooo I00O.1 12000

TIME («)
14 000

Fig. 1.
Cladding temperatures used in core

damage calculations.
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Fig. 2.
Primary-system pressure used in

core damage calculations.



-590-
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ABSTRACT

A best-estimate postaccident analysis of the TMI-2 reactor system was
made with the TRAC code. Based on these results, an assessment of the
extent of damage to the TMI-2 reactor core was made; and several al-
ternative event sequences and their consequences were investigated.
Our results indicate that although no significant fuel melting occur-
red, large regions of cladding were severely oxidized and clad melting
and relocation took place in the central region of the core, above the
midplane elevation. In the alternative event sequences, the timeli-
ness of the initiation of HPI flow in preventing large scale fuel
melting is examined.

INTRODUCTION

A best-estimate analysis of the first three hours of the TMI-2
accident has been performed with the TRAC code and is reported in de-
tail in References 1, 2, and 3. The analysis out to that point indi-
cated that while the zircaloy cladding sustained considerable damage
(rupture, oxidation, and embrittlement), no melting of fuel occurred
(excluding eutectic formation). Beyond that point in the accident
sequence, there exists considerable uncertainty in the actual ther-
mal-hydraulic conditions (make-up flow vs letdown flow). In addition,
certain modeling limitations in the TRAC code (lack of treatment of
noncondensible gases in the vapor field equations and the absenca of a
core flow blockage model) to raise questions about the quantitative
validity of a TRAC calculation beyond that point. Therefore, to make
an estimate of possible core damage during the time from 10800 s -
12600 s in the accident (the most critical period for core damage),
engineering judgment has been used to supplement the TRAC calculation
and extrapolate to the time at which the high-pressure injection (HPI)
was reinitiated at full flow conditions. A discussion of the effects
of TRAC modeling deficiencies and system make-up flow is also in-
cluded. Finally, an extension of the TRAC calculation, despite its
limitations, to cover two alternative accident sequences is included.
These variations are:

1. The pilot-operated-relief-valve (PORV) is not opened from
11520 « - 11820 s,

2. The HPI flow is not initiated at 12000 s.

•Work performed under the auspices of the U. S. Nuclear Regulatory
Commission
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ESTIMATE OF CORE DAMAGE

At the point where the TRAC calculation of the TMI-2 accident was
terminated,2 the core region immediately above the midplane was ap-
proaching a heat-up rate of several degrees per second due to decay
heating and the zircaloy cladding reacting with steam, the latter ef-
fect predominating. Extensive ballooning and rupture of the cladding
had occurred across most of the core radius (with the possible excep-
tion of some peripheral fuel assemblies),3 resulting in a relatively
uniform increase in flow resistances across the upper core elevation
(about 2.6 - 3.3 m, see Fig. 1) due to the blockages formed. The
axial temperature profile had also shifted such that the region imme-
diately above the core midplane was the hot spot. This shift reflect-
ed the influence of the axial power profile and the onset of the
zircaloy-water reaction, once the core liquid level dropped below the
midplane. The occurrence of severe ballooning and rupture of the
cladding at a higher elevation, earlier in time (about 9200 s), was
due to the boil-down of the core liquid inventory, causing peak core
temperatures to occur initially at the highest core elevations, see
Fig. 2.

To extrapolate the TRAC calculation beyond 10800 s the fuel-
cladding heat-up rates were computed at each level until the opening
of the PORV. For the hot-core region (level 5, 2.09 - 2.61 m) this
resulted in the melting point of zircaloy, approximately 2100 K, being
exceeded. At this juncture the continuation of the TRAC calculation
becomes totally unrealistic because the core modeling does not include
material motion. Since a significant fraction of the cladding is
oxidized, about 50 per cent at this level, the molten zircaloy is pre-
vented from draining by this oxide "crucible." Experimental evi-
d e n c e ^ indicates that the presence of an oxidized layer of clad-
ding can contain the molten cladding at temperatures from 2200 - 2500
K. The temperature at which this sheath fails has been experimentally
correlated to increase in proportion to the fraction of cladding ox-
idized. In Fig. 2, which is a plot of the axial core temperature pro-
files, the slope of the level 5 curve is changed to the adiabatic
heat-up rate, about 0.75 K/s,6 at 2300 K (the levels correspond to
the Fig. 1 noding diagram). This is based on the assumption of fail-
ure of the oxide sheath, which allows the unoxidized molten zirca7oy
to drain and removes the oxide reaction heat source. In the subse-
quent period until the opening of the PORV, the fuel reaches a temper-
ature of about 2500 K at this level. In this same period the levels
immediately above (levels 6 and 7, Fig. 1) reach temperatures of about
2000 and 1700 K, respectively. The temperatures in the lower core
regions follow saturation values below the water level and approach
values estimated for level 6 above the water level (about 1.2 m at
11520 s).

To estimate the effect of the opening of the PORV during the
period from 11520 s - 11820 s the heat rejection through the PORV to
the containment by escaping steam (about 15 kg/s) has been compared to
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the decay heating of the core (about 25 MW). These values are of the
same order of magnitude. In addition, the opening of the PORV would
induce turbulent steam convection in the upper core, as steam was gen-
erated at lower elevations. This core boiling rate can be related to
the relief valve flow rate by the ratio of enthalpy of the exhausted
steam to the latent heat of vaporization of water in the core. There-
fore, it was predicted that the core temperature excursion was termin-
ated during the period the relief valve was opened. In Fig. 3 the
hottest core region is shown to remain at a constant temperature, ap-
proximately 2500 K.

At 118.20 s, with the closing of the PORV, the temperature of the
core hot zone returns to an adiabatic heat-up rate. The levels above
the hot zone are predicted to return to a heat-up rate slightly higher
than their adiabatic values. The loss of liquid from the core during
the time the PORV was opened is likely to have reduced the steaming
rate of the core and result in some steam starvation of the oxidation
reaction at these higher elevations. At 12000 s, with the HPI reini-
tiated to rated flow, the core is quickly quenched to saturation tem-
peratures. The cooling rate during the quenching is esimated at 5
K/s, based on classical film boiling heat transfer rates. When fuel
rod temperatures drop below the minimum film boiling temperature
(about 800 K), the final quench to saturation temperature is very
rapid (about 4 s).

Figure 3 is an illustration of the maximum core damage sustained
during the first 3 hours and 30 minutes of the accident. The lower
fourth of the core remained intact, since the lowest core water level
during this period was approximately 1 m. The region immediately
above (about 1 - 1.3 m) underwent some oxidation of the cladding dur-
ing the period when the water level was the lowest (9500 s - 11000
s). In the region just below the core midplane it is expected that
substantial blockages from freezing of U02-Zr eutectic and zircaloy
cladding and debris from quench induced fragmentation of oxidized
cladding and fusl will have formed. This would be consistent with
available experimental evidence on meltdown behavior of light-water
reactor cores.*>5 In the region extending 1 m above the core mid-
plane severe fuel damage is predicted to have occurred. Besides the
U02-Zr eutectic and molten zircaloy which would have drained to
lower regions, the zircaloy-oxide and fuel remaining underwent brittle
fracture during the quenching period; however, the exact disposition
of the core material is difficult to estimate. The region from 3 m -
3.3 m was where severe ballooning and rupture of the cladding occurred
earlier in the accident (about 9500 s). This zone is predicted to
have been severely oxidized, embrittled, and possibly fragmented upon
quenching. The uppermost elevation of the core (3.3 - 3.6 m) and the
peripheral assemblies above the water level underwent cladding oxida-
tion.
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MODELING AND SYSTEM UNCERTAINITES

The preceding discussion of core damage estimates for the TMI-2
core is regarded as pessimistic and is subject to several uncertain-
ties. Three key modeling and system condition uncertainties have been
identified as having a strong bearing on the estimates presented in
the preceding sections. These are: (1) loop flow conditions, (2)
make-up flow rates, and (3) fuel-cladding blockages and relocation.
The TRAC code prediction out to 10800 s indicated a steady "refluxing"
of core-generated steam through the loops. In other words, steam from
the core was condensed in the steam generators (and in the pressurizer
as the system pressurized) and drained to the loop seals. Paradoxi-
cally, this flow would be expected to provide some cooling of the
upper core; however, it also insured a sufficient supply of steam to
drive the cladding oxidation reaction, resulting in faster rising tem-
peratures than in the case of no cooling (see the analysis of limiting
oxidation rates in Ref. 6). The evolution of hydrogen from the oxida-
tion reaction introduces a noncondensible gas component in the steam
environment in the loops. This noncondensible is expected to collect
in the upper elevations of the system, particularly in the "candy-
cane" of the hot legs, impeding the refluxing of core-generated steam,
hence resulting in partial steam starvation of the oxidation reaction
and lower temperatures. Inclusion of a noncondensible gas component
in the vapor field equations is planned for a future TRAC code version
to better address this issue.

The net make-up flow to the system is an important variable.
Based on an EPRI communication,7 it appears that after the block
valve on the pressurizer relief line was shut at 8280 s the letdown
flow was reduced. A net make-up flow (about 50 gpm vs an assumed
value of zero) was then available to the primary system. However,
this flow rate is quite small (comparable to a reflood rate of less
than 1 mm/s) and, for the heat generation rates in the core, is not
sufficient to significantly alter the core thermal transient. The
importance of marginal make-up flow rates is in determining the liquid
level in the core, which limits the extent of core damage.

Blockage formation and the mechanics of material relocation in
light-water reactor cores are phenomena that presently are little un-
derstood. In the previously cited references to relevant experiments,
results indicate that when molten zircaloy is contained in contact
with the uranium dioxide fuel pellets, the fuel can be partially dis-
solved (20 - 50 per cent**) by formation of a eutectic alloy with the
molten cladding. Since this mechanism takes place at the melting
point of zircaloy, it means that fuel motion is possible at almost
1000 K below its melting point. This phenomenon is estimated to have
occurred in TMI-2, as the calculated conditions coincide with condi-
tions of these experiments. Figure 3 shows that significant fuel-
cladding blockages formed by this phenomenon may be found slightly
below the core midplane. This is the most difficult part of the ac-
cident sequence to predict as the results are dependent on rate pro-
cesses.
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ALTERNATIVE EVENT SEQUENCES

Two alternative event sequences were examined: (1) the PORV is not
opened at 11520 s and (2) HPI flow is not initiated at 12000 s. If
the PORV is not opened at 11520 s the fuel rod temperature is estima-
ted to continue rising at the adiabatic rate until HPI initiation at
12000 s. The peak temperature attained is about 2800 K, see Fig. 2.
While no fuel melting is predicted for an average rod, some localized
melting might occur. If the HPI flow was not reinitiated at 12000 s,
the temperature is estimated to continue rising at the adiabatic
rate. The melting point of fuel (about 3000 K) would be reached at
12500 s. At the decay power level of the core it would take another
1000 s, approximately, to supply the latent heat of fusion to com-
pletely melt the material in the hot region. While outside the scope
of this paper5 it should be mentioned that the presence of molten core
material does not imply catastrophic failure of the reactor vessel,
particularly if water is present in the lower plenum of the vessel, as
was the case at TMI-2.

CONCLUSION

An estimate of maximum damage to the TMI-2 core was made based on
a TRAC code calculation of the first three hours of the accident, sup-
plemented by extrapolation to the time of reinitiation of HPI flow.
These results indicate, that although core temperatures remained below
the melting point of uranium dioxide, severe core damage was sustained
and some fuel-cladding was relocated due to eutectic formation and
quench induced fragmentation. In the alternative event sequences in-
vestigated it was estimated that failure to reinitiate full HPI flow
at 12000 s would have resulted in the onset of fuel melting within
approximately 1000 s. Results of this study indicate there is a need
for further light-water reactor core meltdown experiments and mechan-
istic analysis tools to evaluate these categories of accidents.
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MODELLING OF THE LIQUID LEVEL DURING
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ABSTRACT

Calculation of the path followed by the falling liquid
level in the core is an important part of the analysis
of fuel heat-up, and the damage sustained in the
accident at TMI-2. This paper describes the
development and application of a model for predicting
liquid level in the TMI-2 core during uncovering. The
calculational method is shown to give a satisfactory
representation of level height data obtained in TMI
boil-down simulation tests in the Semi-scale
facility. The model is combined with a best estimate
of make-up flow to the TMI-2 core to calculate the
level trajectory during core uncovering. Results are
found to be sensitive to the assumed degree of steam
condensation on the make-up flow. Best estimate
calculations indicate a minimum level of 0.97 m (3.2
ft), and are shown to be consistent with the level
position inferred from observations of time to fuel
failure, and ex-core and in-core neutron detector
signals.

1.0 INTRODUCTION

Core damage at TMI-2 occurred because of a gradual reduction in
water level (dry-out elevation) in the core when make-up flow was
insufficient to compensate for mass loss due to boiling
[1,2,3]. Analysis of containment radiation levels during the
accident indicates that the majority of core damage probably
occurred in the period between the tripping of the loop-A reactor
coolant pumps (RCPs) at 101 mins after reactor t^ip, and the
attempted re-activation of the loop-B RCPs 75 mins later [1].

The present paper describes calculations carried out to give a
best estimate of the water level trajectory during this period of
uncovering. Firstly, a simple model is described for predicting
the core water level for a given make-up flow into the down-
comer. This model is used in conjunction with a best-estimate
make-up flow history (developed in section 3) to predict the
actual level trajectory at TMI-2.

*On Loan to NSAC from CEGB, UK.
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This work was carried out as part of a detailed NSAC assessment
of core damage sustained at TMI-2 [4].

2. GENERAL MODEL FOR PREDICTING LIQUID LEVEL IN CORE

The time variation of the two-phase mixture level (continuous
liquid level) in the core can be determined provided the make-up
flow to the downcomer and the core decay power are known. There
are two parts to the calculation. Firstly# a simple loop model
is needed to determine the temperature and flow-rate of water
entering the core. The inlet conditions can then be combined
with a void-fraction correlation for a boiling channel to given
the trajectory of the two phase mixture level (see e.g. Z5]).

2.1 Calculation of Core Inlet Conditions

To calculate the core inlet conditions, the reactor pressure
vessel is represented as a simple manometric system divided into
three control volumes Vc, V l p, V^c (see Fig. 1). V c and Vj_
represent the core volume, and the volume of the lower plenum and
downcomer below the elevation of the core base-line, respec-
tively. V(jc is the downcomer volume above the core base-line
elevation.

The subcooled makeup flow (W^) will condense some steam on
entering the RCS cold legs. It is not known in general how
efficient the condensation will be. However, assuming locally
saturated steam, a simple energy balance shows that the total
flow of water to the downcomer (injected flow plus condensed
steam) can be bounded using the expression:

WTOT = W . { 1 + nC£ (T S A T - T±> / h g 4 } (1)

Where 0— n—1 is the condensation efficiency. For an equilbrium
calculation we would take n=l. The lower limit n=0 describes the
limit of complete thermal disequilibrium.

Because of the presence of vent valves between the vessel upper
plenum and the downcomer in TMI-2, the steam pressure is assumed
to be the same above the fluid columns in V c and VJ_. Balancing
the hydrostatic head in these volumes, and neglecting pressure
losses due to friction and inertia (which are very small in the
slow transients of interest), it follows that:

V A c * Mdc/Adc
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Use of the (1) and mass conservation gives the following equation
for the liquid flow to the base of the core;

We = (1 + r)- 1 (WTQT r + Wg - rMlp) (3)

The third term on the right hand side of (3) is included to allow
for changes in core flow caused by thermal contraction of the
lower plenum water. M. is related to the cooling rate by:

"ip - v i P <aPt/*r)Te (4)

It is assumed that the injection flow mixes instantly with the
water already resident in the downcomer/lower plenum volume.
Application of a thermal energy balance to the water in the
downcomer and lower plenum then shows that for the limits
n=0 or n=l the temperature of water entering the core satisfies

the differential equation:

Te = WT0T/Mt[T. + i, (TSAT- T.)-Te] (5)

The mass of water in the downcomer and lower plenum
Mt *=M1 + M dc^ i s 9iven b v :

*t - WTOT " " e - (1 + rT
1 (WTQT - Wg + rMlp) (6)

which is obtained by eliminating W using (3).

2.2 Calculation of Two-Phase Mixture Level

The mixture height can be calculated if the mass and density of
fluid below the mixture level in the core are known.

It follows from (2) and (3) that the mass of fluid in the core
below the mixture level satisfies:

"c = We " Wg = r(1 + rTl (WTOT ' Wg " " V

Assuming all decay heat released below the two-phase level enters
the coolant, the core steam production rate can be obtained from
a simple energy balance as:
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z
W_ = / q(z)dz/h , - W C , (Tfiarp- T )/h , (8)g = I q(z)dz/hgJt

The second term on the right hand side of (8) represents the
energy needed to heat the inlet flow to saturation temperature.
Eliminating We between (8) and (3) gives the following explicit
equation for W_:

Wg = {i(zJt)-er(l+r)-
1(WiroT-Mlp)}/{l+6(l+r7

1 } (8a)

where i^) = A q(z)dz/hgi; S=Cjl (TgAT-Te)/hg£

To calculate the core mixture level, we first note that

Mc = Ac o" pc ( Z ) d Z

where p is the fluid density at elevation Z above the base.of
the core. Differentiating with respect to time, we have

K/Ko = Zlpc ( Z1 ) + i 1 pc dz

For the slow transients of present interest, the second term on
the right hand side of (9) is found to be very small compared
with the first term and is thus neglected. The mixture height Z,
then satisfies the first-order differential equation.

zi = MC/{PC (zi> A
cl do)

Several drift flux models are available to relate the two-phase
mixture density p (Z ) to the steam flow-rate at the mixture
level (see for example the review in [6]). For the present
calculations, we used the correlation proposed by Cunningham and
Yeh [7], which was obtained by analyzing void fraction data from
a 480-rod (PWR type) bundle over a wide pressure range. The
correlation has the form

°g " ci V ' * ) 0 2 Kug3 ( V j g + j*>°'6

where (̂  = 0.70 (0.76), C2 • 0.24 (0.24), C3 = 0.67 (0.47)
for Ku < 1.53 (>1.53). Ku_ is the non-dimensional steam
velocity defined~!>y Kug - 3g / {°9PAg/Pt} •
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In the present case, the steam volumetric flux at the mixture
level elevation is related to the core steam production rate by

The mixture density is related to voidage as usual by

pc

2.3 Numerical Solution

The system of three coupled first order ordinary differential
equations (5), (6), and (10) are integrated numerically by-a
simple explicit finite procedure in a FORTRAN program LEVEL
Values of M and p (Z, ) at the current time-step are obtained
from conditiSns at €he previous time-step using equations (7),
(1), (8a), (4), and (13), (11), and (12) respectively. The power
integral i(Zi) is obtained by numerically integrating the given
power distribution using the trapezoidal rule. Thermodynamic
properties of water and steam are obtained by interpolation from
Keenan Kayes steam tables.

2.4 Experimental Comparison

There is little data available at present against which to test
the two-phase level calculation procedure outlined above.
However, some TMI-2 simulation tests have been carried out at the
Semi-scale facility in which the core was allowed to boil down in
the absence of make-up flow [7]. Unfortunately, because of the
high surface area/volume ratio in Semi-scale, about 80% of the
core input power in these tests is dissipated in wall heat losses
(this compares with ~4% for TMI-2 in the same time period).
Thus, a large fraction of the steam generated in Semi-scale tests
recondenses in the system pipe-work, and runs back into the core
vessel and downcomer. In test TMI-3I the core uncovered in the
period 6400-6900s. The core power was maintained at 125kW up to
6734s and the pressure during uncovering was steady up to this
time. Best estimate wall losses for this period are ~100kW of
which 80% is from the vessel upper head and external loop pipe-
work [9]. Thus ~80kW of steam generated in the core presumably
recondenses and returns to the core/downcomer system.

Figure 2 shows a comparison between the mixture height calculated
using LEVEL, and observations for this test, assuming steam re-
condensation flows corresponding to heat losses between 75-
85kW. Agreement is reasonable, within the uncertainties
involved.



-602-

3. COOLANT ADDITION TO TMI-2 DURING CORE UNCOVERING

The makeup flow to the reactor primary system was not measured
directly in the TMI-2 plant. However, sufr -"lent data is avail-
able on the operation of the makeup/letdown system during the
accident, to allow the makeup history to be estimated provided
reasonable assumptions are made on valve and pump operation.

Figure 3 shows a schematic diagram of the makeup/letdown system,
illustrating the flow paths of intrerest. (A more detailed
account is given in [1].)

Letdown flow is drawn from the base of the reactor A-coolant loop
and is directed into either the makeup tank (MUT) or the bleed
tank after cooling and throttling to ambient pressure. Addi-
tional flow can enter the MUT from the emergency boration tank,
pump seal return line, or high pressure pump recirculation line,
as shown.

In the manual operating mode, a fixed flow-rate from the outlet
of each pump is returned to the MUT via the recirculation line.
The remainder is directed back to the RCS as pump seal flow or
normal makeup flow. The location of the HPI injection nozzels is
shown in Figure 4.

During the period of the accident when the core is thought to
have been uncovered (T=100-180 mins), operator testimony
indicates that the bleed tank remained isolated, and all letdown
flow was directed into the MUT [10]. This is independently
confirmed by the observation that each change in letdown flow
produces the expected change in the rate of the filling of the
MUT. For this condition, a simple mass balance shows that the
makeup flow to the high pressure injection nozzles is given by
(c.f. Fig. 3):

WHPI =WLD + WSR+ WEB + WBWST- WSl" d MMUT / d t <14>

Estimates of the contributions on the right hand side of eq(14)
are made below.

3.1 Letdown Flows

Although the letdown flow-rate (WLD) was monitored at TMI-2, no
continuous record was made for the accident period. However,
instantaneous values are available at hourly intervals from the
output of the plant log printer [11]. Between these times,
variations in letdown flow can be inferred from changes in the
temperature of the reactor water downstream of the two letdown
coolers, which were recorded continuously on a multipoint
recorder [12]. A method of calculating cooler flows from these
data is described in [1], and is outlined again in Appendix A.
Results of calculations for the period 100-180 mins. are shown in
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3.2 Flow from the Borated Water Storage Tank (BWST)

The BWST (capacity 1790 m3, [4.73 105 gals]) provides the water
source for the makeup system in the engineering safeguards (ESF)
mode. During the period of the accident between 0<t<209 mins.
5.S'lO'Tcg (14,800 gals) of water is thought to have entered the
RCS from the BWST [13]. Output from the alarm printer indicates
that the makeup system operated in the ESF mode for a total of
10.2 mins. during this period [11/ 13]. Assuming the safety
injection system operated at its full design capacity of 63 kg/s
(lOOOgpm), this implies a total injection from the BWST of
3.8'lO^kg (10,000 gals) during this period of recorded opera-
tion. The manner in which the remaining 1.8*10 kg (4800 gals)
was injected in the period up to t » 209 mins. is one of main
uncertainties in the present analysis.

A likely mode of operation can be inferred as follows. Operator
interviews, and available sequence of events records from the
plant computer, indicate that make-up pump MU-P-1C was manually
activated soon after T = 101 mins., and tripped
between T = 134-168 mins. [13,14,15]. This action was taken to
provide additional borated water to the reactor to prevent a
supposed re-criticality incident [16] (with the known valve line-
up MU-P-1C could only draw suction direct from the BWST). Now
when a make-up pump is operated manually at low flows a
recirculation flow of about 6 kg/s (95gpm) is automatically
returned to the MUT [17]. MUT inventory records (see section
3.3. and Fig. 5) show that changes in ^ M I I T / ^ of almost exactly
this magnitude occurred at T = 112 and 160 mins., which are not
traceable to any other actions. Assuming these perturbation were
caused by activation and trip of MU-P-1C, and assuming a constant
suction flow, this implies W B W S T =6.3 kg/s (100 gpm) over the
period 112<T<160 mins. This value is adopted for the
calculations, and is included in Fig. 5.

3.3 Makeup Tank Inventory

The makeup tank level was recorded at 3 sec intervals during the
accident on the reactimeter. The implied rate of change of MUT
mass inventory is shown in Fig. 5.

3.4 Pump Seal Flow

Pump seal flows is maintained at a constant level Wg,=2.3+0.3
kg/s (36+4gpm) during plant operation. Seal return flow Ts
WSR=0.3 kg/s (4gpm).



-604-

3.5 Emergency Boration

Flow from the emergency boration tank is 1.3kg/s (20gpm) with two
emergency boration pumps in operation. Operator interviews show
that emergency boration was carried out intermittently in period
x=l-3hrs. to prevent a supposed re-criticality incident [113.
Fig. 5 indicates that surges in dMwyT/dt of about 1 kg/s occurred
in the periods 134-138 mins. and 141-143 mins. We assume that
WEB = 1•3 kg/s in these intervals and W E B — 0 at other times.

3.6 Total Makeup Flow to Core

The total makeup flow to the HPI nozzles calculated from eq(14)
using the above assumptions for letdown etc./ is shown in
Fig. 5. The temperature of this feed water is believed to be
32 °C (90°F) [9]. Since the HPI nozzles are located below the
pump elevation (see Fig. 4), it is assumed that all flow through
these nozzles enters the downcomer. However, pump seal flow
injection will only spill into the downcomer annulus if the
liquid level in the steam generator loops is at the pump
elevation. Now the cold leg thermocouples, located upstream of
the RCS pumps (see Fig. 4)/ show a steady temperature decay and
indicate substantial temprature noise in both the A- and B-loops
in the period 1 0 0 < T < 1 8 0 mins. [1]. The only obvious explanation
for this behavior is that thermocouples are positioned in a steam
environment, while being bathed continuously in a stream of sub-
cooled water from the pump seals. Because of this, it is assumed
that no pump seal flow enters the reactor vessel over the period
of interest.

4. CALCULATED LIQUID LEVEL IN THE TMI-2 CORE DURING
UNCOVERING

The subroutine LEVEL was used to calculate the two-phase mixture
level in the TMI-2 core for the period of core uncovering. The
mixture level was assumed to reach the core top at T=113 mins.
(corresponding to the indication on reactimeter records of a
sudden increase in team super-heat in the loop-A hot legs). The
make-up flow to the downcoaer was assumed to be equal to the HPI
nozzle flow (WHpI) in Fig. 5 (c.f. Section 3.6). The make-up
flow temperature was taken as 32°C.

Decay power for the calculations were taken from the ANS standard
[18, 4 ] . Core average axial power shape was taken from measure-
ments taken a few days prior to the accident [19, 4 ] .

Results of the LEVEL calculations are shown in Fig. 6, for
extreme assumptions of complete thermal equilibrium (maximum
condensation) and complete non-equilibrium (zero condensation).

Estimates of condensation rates or the turbulent liquid stream
downstream of the injection nozzles suggests that in the early
stages of uncovering the equilibrium (y + n ) curve should apply
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[4]. However, a fuel heat-up calculation indicates that after
about T = 153 mins. significant amounts of hydrogen are generated
in the core center by the Zirconium steam reaction. In the
presence of appreciable concentrations of permanent gas, con-
densation rates would be expected to fall to near zero. A best
estimate curve which allows for this transition is shown as the
solid line in Fig. 6.

4.1.1 Time to Fuel Failure

TMI-2 containment monitors showed a sudden increase in radiation
levels at x=145 mins. [4]. The calculated delay is transport of
fission gases from the fuel to the monitors is ~3 mins [4], which
indicates that widespread fuel failure and fission gas release
occurred at about T=142 min.

To calculate the fuel failure time implied by the best estimate
level transient shown in Fig. 6, this curve was used as an input
condition in a full core heat-up analysis. In the calculation,
which is described in detail in [4], fie dry fuel was assumed to
be cooled by convection to steam released in boiling in the core
region below the two phase mixture level. Since steam velocities
are less than 10 cm see"* (subchannel Reynolds numbers <102) a
laminar flow subchannel Nusselt number of four was initially used
to calculate the convective cooling rate.

Fuel failure analyses indicate that the TMI-2 fuel rods would
have failed by clad perforation at temperatures between 760°C-
815CC (1400°F-1500°F) [20, 21]. The fuel heat-up calculation
predicts that temperatures in this range are first attained at
T=137 mins. for the peak rated rod, and T=142 mins. for the
average rod, which agrees with the radiation release observations
very well.*

4.1.2 In-Core Self Powered Neutron Detectors (SPNDs)

In-core neutron flux levels in the TMI-2 reactor were measured
using 364 SPNDs arranged at 7 elevations in 52 instrument
stringers in the core (details of design and positioning of the
instruments are given in [1]). During the period of the accident
after T=110 mins. output of many SPNDs became highly anomolous,
with output signals going off-scale and high. It has not, so
far, been possible to reproduce this behavior in out-of-pile or
in-pile oven tests [22, 23]. However it is believed that the
off-scale signals are caused by overheating of instruments and
leads above 480°C (900°F) in the core environment [22].

•Sensitivity studies show that because of the effect of compensating
reductions in the clad/steam temperature difference at the hot spot, the
calculated failure tiroes are changed by less than 0.6% as the Nusselt number
is increased from 4 to 20.
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The plant alarm printer was out of action for the period T=73—166
mins. When operation was resumed many alarm signals were
received from off-scale SPNDs. Results of a statistical
analysis of these signals (detailed in C4]) are shown in Fig. 7,
for the period T=166-180 mins. These data provide convincing
evidence that core overheating was confined to elevations above
the 0.77 m level, and indicate a probable minimum two phase
mixture level of between Z^ = 0.77-1.30 m. This is again con-
sistent with the calculations shown in Fig. 6.

4.1.3 Ex-core neutron detector response

The source range ex-core neutron detector responded to variations
in the core water inventory because of competing effects of
changes in the core photo-neutron (Yin) source, and shielding due
to the downcomer water [1,4,24].

A two dimensional (r-Z) neutron transport code DOT-IV has been
used to predict the core level implied by the ex-core detector
signal. The main assumptions in the analysis (which is detailed
in [24]) are that:

(i) The core is homogenous with a time varying voidage
and boron concentration implied by the level
history in Fig 6.

(ii) The normalization constant relating detector
response to flux has the unique value required to
predict a monotonically decreasing water level.

Results of the calculations are compared with predictions of the
thermal hydraulic analysis in Fig. 7. Agreement is fairly good,
and is well within the error margin the the transport calcula-
tions caused by uncertainties in the detector normalization
constant, and the void distribution in the core and downcomer
reflector region.
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Notation

A flow area
Cn constants in eq (11)
C. specific heat of water
g accleration due to gravity
h enthalpy
j k volumetric flux of phase k
Kuq Kutadeladze number, defined after (Hi
M Mass content
q(z) Average core rating at elevation z
r Ac/Adc
T temperature
t time
W mass flow rate
Z height above core base
Z^ height of mixture level in core
ô  volume fraction of phase k
Sc cooler conductance
p^ density of phase k
T time from reactor trip
a liquid surface tension
n condensation efficiency

Subscripts

(a) Mixture Level Analysis
g property of gas phase
1 property of liquid phase
gl difference between gas and liquid properties
c property of reactor core or core fluid
dc property of downcomer
e property of fluid entering core
i subcooled injection flow to downcomer
TOT total flow entering downcomer

(b) Make-up analysis

EB emergency boration
BWST Borated water storage tank
HPI make-up to HPI Nozzles
LD letdown
SI pump seal injection
SR pump seal return

(c) Cooler analysis

i inlet property
o outlet property
t tube side
s shell side
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Appendix A

Calculation of Letdown Flows from Letdown
Cooler Outlet Temperatures

The TMI-2 letdown coolers consist of two helical flow shell/tube
heat exchangers. The thermal performance of these units is very
similar to that of a simple counterflow heat exchanger [1,
25]. During the period of the accident of interest both coolers
were in service, and since the cooler outlet temperatures agree
to within 2°C both are assumed to have been performing
identically.

In response to a step change in letdown (tube side) flow, the
tube side outlet temperature approaches a new steady value
asymptotically., with a time constant s 4 minutes. The new tube
side flowrate is calcualted from the asymptotic temperature level
by using a simple heat balance, as follows (c.f. [1]).

The heat transferred by each cooler is related to the inlet/
outlet temperatures by the equation:

o - 8c | Tt,i- Ts,o> - ' T t , o - T s . i "

applicable to a counterflow heat exchanger, conductance fl. An
energy balance for the tube side and shell side flows gives:

* - wt ca (Tt,i " Tt,o} { A 2 )

* = Ws C* {Ts,o - Ts,i> < A 3 )

Under normal operating conditions shell side flow and inlet
temperatures are fixed at design levels

W « 25 kg/s (2.166 lbs/hr), T . = 35°C (95°F)
S Sf 1

The design value of the conductance is S = 6.5 * 104 W/*C
(1.24 " 10^ Bth/hr.*F). However, during €he accident, multipoint
records of the cooler outlet temperature, and measurements of
letdown flow recorded on the plant hourly log, show that for
Tt L - 288*C (550

#F) an outlet temperature of Tt o « 57*C (135'F)
corresponds to a flow Wt * 4.0 +^0.3 kg/s (65 +_ 5 gpm): this
implies that the conductance of the operating coolers had fallen
to 3C - 4.2 • 104 w/"C (0.8 ' 105 Btu/hr'F), possibly as a
result of fouling.

Using the above values for 6C, Tg ^ and Ws equs (Al) - (A3) can
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be solved iteratively to give W t in terms of the asymptotic
outlet temperatures T t o. (The inlet temperature T t ^ is taken
as the loop-A cold leg'temperature). Results of these calcula-
tions are used to derive the letdown flow history shown in
Figure 5.
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ANALYSIS OF THE TMI-2 SOURCE RANGE DETECTOR RESPONSE

J. F. Carew, D. J. Diamond, and J. M. Eridon

Brookhaven National Laboratory
Upton, New York 11973

ABSTRACT

In order to explain the large variations (factors of 10-100) in source
range monitor (SRM) response that occurred Immediately following the TMI-2 Ac-
cident, detailed neutron and photon transport calculations have been per-
formed. The SRM neutron response was found to increase by a factor of 3-10 as
a result of core voiding and by a factor of -\-1000 due to voiding of the core
bypass region and downcomer. The photon response was less sensitive with an
^10% increase resulting from core voiding and a factor of ^3.0 increase due to
voiding of the core bypass and downcomer. The effect of core voiding on the
multiplication and transmission of the Am-Be-Cm startup sources^has also been
evaluated and found to result in a net increase of a factor of <2 in SRM neu-
tron response. These calculations and the TMI-2 event chronology suggest that
the downcomer was voided during the accident.

INTRODUCTION

During the first few hours following the Three Mile Island Unit-2 (TMI-2)
accident large variations (factors of 10-100) 1n the source range monitor
(SRM) response were observed. A SRM channel trace recorded during the four
hours following the turbine trip is presented in Figure 1 and indicates large
signal reductions and/or increases occurred at ̂ 1.7, 2.9, 3.3, and 3.7 hours
following the accident. Several mechanisms have been suggested in order to
explain these variations Including: (1) Increased core source multiplication
with kef* approaching criticality, (2) voiding of the core moderator re-
sulting in Increased source leakage, (3) voiding of the core bypass (between
the liner and barrel) and downcomer resulting in reduced source attenuation
and (4) detector failure. The detectors are believed to have been operating
normally and to explain the Figure 1 SRM response in terms of reactivity would
require keff remaining within <l% of critical during a period when large
changes In reactivity were occurring and is, therefore, considered un-
likely. l1' The purpose of this study 1s to quantify the effects of core,
core bypass and downcomer voiding 1n order to determine if any of these could
be responsible for the observed SRM signal variations.

The analysis is carried out In three steps. First, fixed (core) neutron
source calculations are performed 1n which the flux attenuation from core to
detector is calculated for both flooded and voided conditions and the effect
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on SRM response determined, second, Iterated source calculations are per-
formed In which the Am-Be-Cm (ABC) startup source multiplication Is first
established and then the attentuation through the voided barrel and downcomer
determined. In the third step, the SR detectors are assumed to be responding
to photons and the gamma flux attenuation is calculated for a fixed (core)
gamma source.

. - ANALYSIS ..

Calcuiational Model

A one-dimensional ANISN^2) model of the TMI-2 core, core externals,
pressure vessel and containment has been constructed for calculation of the
SRM neutron and gamma response and is presented in Table I. The fuel, mod-
erator and structural materials have been homogenized in the core regions and
the detectors are located in the air gap outside the pressure vessel. The
calculations were performed in the S8-P3 approximation using the spatial mesh
indicated in Table I. Although azimuthal and axial geometric effects and core
heterogeneities have been neglected, i t i s believed this model will provide
meaningful estimates of detector response to voiding.

Neutron Flux Attenuation

Voidinn of the core affects the source magnitude as well as the attenua-
tion of the flux to the SRM detectors. A core neutron source will decrease in
magnitude with voiding as a result of reduced core reactivity. A distributed
D20(v.n) source, produced via decay gamma activity, will be further de-
creased due to a reduction in D?0 density. The reduction in attenuation
results from the reduced optical path length for the high energy neutrons (or
possibly photons) which provide the SRM response. In order to isolate this
reduction in attenuation in the first set of calculations the source was held
fixed and various stages of core, bypass and downcomer voiding were con-
sidered.

The calculations were performed using the RSIC DLC-37/EPR (100 neutron/21
Gamma Group, ENDF/B-IV) cross section library.13' The fixed core neutron
source was constructed using an equilibrium radial power distribution and an
ENDF/B-IV fission spectrum. Denoting the total water thickness of the bypass
(Region 4) and downcomer, Tu, the four cases considered are; Case (1) -by-
pass and downcomer flooded (Ty=40.8 cm.), Case (2) - bypass voided and down-
comer flooded (Ty=27.4 cm.), Case (3) - bypass flooded and downcomer voided
{Tw=13.4 cm.), Case (4) - Bypass and downcomer voided (TH=0.0 cm). In
each case calculations were performed at the nominal core moderator density
and at the reduced densities of 40% and 0% of nominal.

The SRM response is produced by fast neutrons moderated at the detector
and since the detector flux 1s~80% fast, the SRM response was taken propor-
tional to the detector total flux. In Figure 2 and 1n Table II the SRM detec-
tor flux (normalized relative to Case 1) i s presented as a function of core
moderator density with the specific voided bypass and downcomer regions indi-
cated at the right. In the fixed fission source case voiding the core results
1n a factor of~3 increase in detector response 1n Case (1) with the bypass
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and downcomer flooded (TN
a40.8 cm) and a factor of~10 increase in Case (4)

with the bypass and downcomer voided. Since most of the flux attenuation
takes place outside the core, the detector response is more sensitive to
changes in this region and voiding the bypass and downcomer results in a
factor of ~10 3 increase in signal with the core at nominal moderator den-
sity.

The SRM signal may be approximated using the first flight (SLAB) transport
kernel,

SRM - Se'
EwVZsts CU

where Zu(z$) is the water (steel) neutron removal cross section,
tw(ts) is the optical path length in water (steel) and S is the core neu-
tron source. The relative signal increase resulting from a reduction in path
length, Aty<0, is then

SRM/SRM0 = e "" w . (2)

The source increases from the fully flooded Case (1) to Case (3) and the
voided Case (4) at nominal core density suggest a E W = . 1 7 cm"

1 removal
cross section which is in agreement with the ANISN cross section at the~2 Mev
spectrum peak. (In the almost completely flooded Case (2) the transmitted
neutron spectum is hardened relative to the voided cases and r w is reduced
to su.= .ll cm'1.) The increased sensitivity of the SRM response at lower
optical thickness in Figure 2 (e.g., Case (4) at 0% moderator density) is a
result of the exponential form in Equation (1).

In order to determine the sensitivity of these results to cross section
treatment, calculations were also performed for Case (1) and Case (4) using
the RSIC DLC-23E/CASK(4) cross section set. In Table III the relative SRM
response for both the RSIC/EPR and RSIC/CASK libraries is presented and the
results are seen to be in general agreement. (The decreased cask sensitivity
to downcomer voiding is due to a reduced hydrogen removal cross section in
CASK relative to the more accurate EPR Library.)

Source Multiplication

Iterated source ANISN calculations were performed in order to determine the
effect of reduced source multiplication on SRM response. For convenience, in
these calculations the CASK 22-Group Cross Section Library was used and as a
first step the boron concentration and fuel enrichment were adjusted to obtain
an initial subcritical target eigenvalue of kef* = .92. It is assumed that
all rods are inserted (-10% Ak/k) and the core is at 530° F (~+2X Ak/k). The
startup source was represented as a planar source in the center of the outer-
core region (corresponding to the actual peripheral assembly locations) and
the Am-Be-Cm source spectrum was taken from Reference 5. Calculations were
performed for both a uniformly voided core and a partially voided core In
which the outer core remained flooded.
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In Figure 2 the results of these calculations (normalized relative to Case
(1)) are presented. The decrease in attenuation dominates the reactivity
induced source reduction when the entire core is voided and the detector
response increases with core voiding. Voiding the core results in a detector
signal increase of~50% in the completely flooded case (Tw=40.8 cm) and a
factor of ~2 increase in the voided case (Ty=0.0 cm).

The sensitivity of the SRM response to bypass and downcomer voiding is
weaker in this case due to the harder spectrum of the ABC source and resulting
reduction in water removal cross section. Voiding the core bypass and down-
comer results in a factor of 500 increase in detector response for the nomi-
nal core. This source attenuation may be approximated using Equation (1) with

an average removal cross section of s$ B C = .15 cnr1. (Again in Case (2)

ABC ART
the transmitted spectrum is hardened and Ey is reduced to sQ = .10
cnr* ) •

In the partially voided case the source attenuation and multiplication
introduced by inner-core voiding tend to cancel. In Figure 2 the SRM response
vs presented for Ty = 40.8 cm and Ty = 0.0 cm and is seen to increase by
<l0% in both cases as a result of partial core voiding.

The effect of core reactivity on source multiplication may be estimated
using a One-Group point multiplication,

S = S0 / ( l -k f i f f ) (3)

where So is the unmultiplied source and ke f f is the core eigenvalue. In
Table IV the ANISN core eigenvalue and relative multiplied source together
with the estimated point source multiplication are presented for the uniformly
voided core. Voiding the core reduces the source by a factor of ~5 and the
point multiplication is seen to provide a good estimate of the source multi-
plication. I t is important to note that the strongest source multiplication
occurs in the inner-core and since the SRM detectors receive ~80% of their
signal from the outer core, the effective source multiplication observed at
the detector is significantly less than indicated in Table IV.

Gamma Flux Attenuation

High gamma f lux, discriminator missetting or detector failure could have
lead to a situation in which the SRM detectors were responding to photons
rather than neutrons. In order to determine i f core, bypass or downcomer voi-
ding could result in large variations in detector gamma response gamma trans-
port calculations were performed. Since the y-source is unaffected by core
voiding the calculations were performed in a fixed source mode using the
21-Group DLC-37/EPR y-cross sections. The y-source was constructed from the
group wise fission product decay energy profiles (at 103 sec after shutdown)
included in Reference 6 and a spatial distribution based on an equilibrium
radial power shape. In Table V the SRM response is presented for Case (1) and
Case (4) and unlike the neutron response the detector gamma flux is relatively
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insensitive to voiding. Voiding the core results in an ~10% increase in
Y-response while voiding the core bypass and downcomer results in a factor
~3.0 increase in SRM Y-response. This signal increase may be approximated us-
ing Equation (2) with an average photon removal cross section, £j} = .027 cm""1.

DISCUSSION

AnyTnterpretation of the observed fluctuations in SRM response {Figure 1)
will suffer from the uncertainty in the conditions that existed in the reactor
during this period. However, using the observed SRM response and the calcu-
lated ANISN response sensitivities the likelihood of specific reactor condi-
tions contributing to the observed variations may be established. The weak
sensitivity of the SRM y-response indicates that, if the SRM was responding to
photons originating in the core, neither voiding of the core, bypass or down-
comer would result in the observed variations in the SRM signal.

The reduced attenuation introduced by core and bypass voiding results in a
factor of <13 increase in SRM response for a core neutron source (Table 2).
The reduction in source multiplication which accompanies core voiding will
tend to reduce this signal enhancement. For the ABC startup sources this
signal increase is reduced to a factor of~5 in the case of uniform core void-
ing and to a factor of ~3 for partial core voiding. For a more uniformly
distributed source (e.g., D20(y,n)} an even greater reduction in the
multiplication of the outer core source would occur and the signal enhancement
would be reduced further. On the other hand, if keff was significantly less
than the assumed keff = .92 the reduction in source would be less. In any
case, the SRM increase would be less than a factor of 13 and core and bypass
voiding alone is not sufficient to produce the observed factors of 10 - 100.
It is important to note that although the SRM response does not require it,
other evidence strongly suggests that some core voiding did occur.

Voiding the downcomer results in an increase in SRM response large enough
to explain the observed variations; for the distributed fission spectrum
source a factor of~100 increase (Table 2) and a factor of 60 increase for the
ABC startup source. Assuming the core and bypass are simultaneously voided to
70% of their nominal moderator density, (and using Equation (2)) the SRM re-
sponse will increase by a factor of ~300 for the distributed fission source
and by a factor of ~120 for the startup source. Most likely partial voiding
of the core, bypass and downcomer regions actually occurred and in order to
construct the observed SRM response the detailed void distribution history is
required.

The chronology of events following the accident also tend to support void-
ing of the downcomer. At 1.67 hrs. following the turbine trip the A-loop re-
actor coolant pumps (RCPs) were tripped (Loop B RCPs had been tripped earlier)
and the SRM response spiked upward (Figure 1, Point A). Tripping the pumps
reduced inlet flow and presumably resulted in the partial voiding of the down-
comer and increased readings. The high pressure injection (HPI) flow was then
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increased and then SRM response dropped rapidly (Figure 1, Point B). The sub-
sequent SRM reduction could be explained by the re flooding of the downcomer.
The gradual increase in SRM readings over the next quarter hour (Figure 1,
Point C) may be due to a gradual decrease in downcomer level or density. At
2.9 hrs. the operators restarted RCP 2B, flow was established for a few sec-
onds and the SRM response dropped rapidly (Figure 1, Point D). Again this SRM
decrease could be explained by downcomer reflooding. Similarly at 3.3 hours
the HPI pumps were started and then one turned off at 3.7 hours. The SRM
first dropped (Figure 1, Point E) and then increased (Figure 1, Point F) pre-
sumably in response to an increase and then subsequent decrease in downcomer
level J7)
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REGION

Inner Core

Outer Core

Liner

Water (Bypass)

Barrel

Water

Thermal
Shield

Water

Pressure
Vessel

Air Gap

Containment

TABLE I

S8 - ("3 AN1SN MODEL

MATERIAL

Fuel and
Moderator

Fuel and
Moderator

SS304

SS304

SS304

A533B

Air

Concrete
(Type-04)

THICKNESS
(cm)

144.24

19.55

1.91

13.37

5.08

2.54

5.08

24.92

21.75

49.37

52.59

MESH

15

10

4

11

4

4

9

10

25

5

9

Relative Core
Moderator Density

1.0

0.0

TABLE I I I

COMPARISON OF THE CASK AND EPR

RELATIVE SRM NEUTRON FLUX

Tu = 40.8 cm Tw = 0.00 cm

EPR CASK

1.0 1.0

2.80 3.16

EPR CASK

1.04 x 103 8.43 x 102

9.26 x 103 9.13 x 103

TABLE IV

CORE EIGENVALUE AND MULTIPLIED NEUTRON SOURCE VS. CORE

MODERATOR DENSITY (Tu - 40.8 CM)

Relative Core
Moderator Density

1.0

0.4

0.0

k-Eigenvalue

.92

.72

.66

Relative
Neutron
Source ( l - k ^ ) / ( l - k )

1.0 1.0

.32 .29

.21 .Z4

40.8

TABLE I I

RELATIVE SRM NEUTRON FLUX

Ty| - Thickness of Exterior-Core Hater (cm)

27.4 13.4 0.0

TABLE V

RELATIVE SRH GAPMA FLUX (Photon/cm2 - sec)

Ty - Thickness of Exterior Core Hater (c«)

40.8 27.4 13.4 0.0

Relative Core
Moderator Density

1.0

0.4

0.0

1.00

1.65

2.80

4.1S

7.01

1.26 x 10

1.09 x 1O2

1.98 x 102

4.07 x 10z

1.04

2.16

9.26

x 103

x 103

x 103

Relative Core
Moderator Density

1.0

0.4

0.0

1.00

1.06

1.11

1.40

1.49

1.56

2.12

2.26

2.37

3.04

3.25

3.41
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FISSION PRODUCT RELEASE FROM THE FUEL
FOLLOWING THE TMI-2 ACCIDENT

W. K. Bishop, D. A. Hitti, and N. P. Jacob

Babcock & Wilcox
Lynchburg, Virginia 24505

J. A. Daniel

GPU Service Corp., TMI Nuclear Station
Middletown, Pennsylvania 17057

ABSTRACT

The fraction of fission products released from the fuel
at TMI-2 during the temperature excursion on March 28, 1979,
has been calculated using the results of radiochemlcal analyses
on numerous samples from various plant systems. Approximately
702 of the noble gases and tritium was released from the fuel,
whereas about 602 of the cesium and iodine nuclides was re-
leased. Negligible amounts (<0.1%) of strontium and barium
nuclides were released from the fuel on March 28. Approximately
2% of the strontium and barium nuclides in the core did leach
from the fuel during the first five months after the accident.

INTRODUCTION

The amount of fission product activity released from the TMI-2 core
following the March 28, 1979, accident Is extremely important to the entire
nuclear industry because it might well become the basis for defining credible
releases from design basis accidents at nuclear power stations. This paper
will estimate the curies of activity released from the fuel and the fraction
of the core inventory released based on the available data from numerous
radiochemical samples and from a precise calculation of the fission product
inventory in the TMI-2 core.

Since it took five months to devise a safe way to sample the contain-
ment sump (which is the largest volume of highly radioactive water and con-
tains a large fraction of all the soluble nuclides released from the fuel)
and since it has still not been possible to sample the purification deain-
eralizers, the activity balance presented here will not be an ideal inventory
but will attempt to make appropriate corrections to obtain a valid estimate
of the activity released on the day of the accident and of any subsequent
releases.

RADIOCHEMICAL ANALYSIS

Samples of the TMI-2 reactor coolant have been analyzed approximately
weekly since March 28, 1979. The first sample (3/29/79) was analyzed at
Bettis Atomic Power Laboratory (BAPL) and Babcock & Wilcox (B&W). The second
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sample (4/10/79) was analyzed by BAPL, Oak Ridge National Laboratory, Savan-
nah River Laboratory, and B&tf. Subsequent samples were analyzed by B&W in
Lynchburg, Virginia. Pressurized reactor coolant sanples are collected in a
30-ml steel container with a valve on each end. At the B&W laboratory, the
dissolved gases are stripped from the liquid and analyzed for radioactive
species and for hydrogen, nitrogen, and oxygen. The degassed liquid is sub-
jected to chemical and radiochemical analyses. The radiochemical analyses
are performed for tritium, strontium, and gamma isotopic. Samples of the
pressurizer liquid are analyzed monthly in the same manner. Samples of var-
ious tanks are analyzed on an as-needed basis. A sample was withdrawn from
the containment sump on August 24, 1979, and analyzed by ORNL and B&W.

Flo'ts of activity versus time for the principal radionuclides in the
reactor coolant are shown in Figures 1 through 8. Initially, iodine-131 was
the predominant radionuclide in the coolant. The disappearance rate of 131I
shown in Figure 1 is greater than expected from decay. This difference is
due to dilution with fresh makeup to replace water transferred to tanks and
leaked to the reactor building and auxiliary building sumps. The same be-
havior is shown in Figures 2 through 5 for 13lfCs, 13SCs, *37Cs, and 3H.

Strontium-89, 9"Sr, and 1<t0Ba show a different behavior. Fach of these
nuclides was present in relatively low concentrations in the early samples.
A dramatic increase was noted in the next few samples. The long-term trend
shows a lower disappearance rate than would be predicted by decay. We inter-
pret this behavior to indicate little release of strontium and barium from
the fuel during the temperature excursion on March 28, followed by a slow
dissolution of these elements from the exposed fuel. The data indicate a
small continuing rate of leaching of strontium from the fuel.

Samples of the containment air taken on March 30 and April 2, 1979,
were analyzed by BAPL. Subsequent samples have been taken on an Irregular
schedule and have been analyzed at the TMI site. The principal radionuclides
in these samples were 133Xe, 131Xem, and 85Kr. The changes in concentration
of these nuclides with time has been consistent with radioactive decay.

FISSION PRODUCT INVENTORY

The fission product inventory in the core of TMI-2 was calculated using
a version of ORIGEN1 (Version 2), which B&W has modified and named L0R2.
ORIGEN uses cross sections for fuel materials which are user-input and en-
tered at time zero only, whereas LOR2 reads a tape prepared from a spectral
code (e.g., NULIF) to obtain new cross sections, weighted over the flux spec-
tra, at each time step. The TMI-2 core inventories presented in this paper
were calculated using L0R2 coupled to the ENDF/B4 library data and using 36
time steps to model the appropriate power history and boron concentration
history for TMI-2. The initial conditions were 82,900 kg U with an average
enrichment of 2.63 wt Z 235U, and the final burnup was 3,175 Mtfd/mtU (95
EDPD).

ACTIVITY RELEASE FROM THE TMI-2 FUEL

The radionuclide concentrations measured in various samples were used
in conjunction with the known or measured volumes of liquid or gas in the
plant to estimate the total activity that could be accounted for outside the
fuel. The amount of activity determined by this approach represents a lower
bound estimate of the amount of activity released from the fuel since some of
the released activity may reside at locations or in forms that were not repre-
sented in currently available samples.
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The nuclides of xenon and krypton are noble gases which, due to their
solubility in water, are virtually all in the gas phase of the containment
building. All significant amounts of xenon and krypton that were in the re-
actor coolant system have been removed by degassing in the makeup tank and
subsequent venting back Into the containment via the waste gas system.
The amount cf noble gas activity contained within the waste gas system
or dissolved in the large volume of water in the containment or elsewhere in
the plant is negligible, but the amount of noble gas activity that escaped to
the environment must be considered in order to obtain an accurate estimate of
the release. The gas volume in the containment is 57,500 m3 (2.03 x 106 ft3)
after correcting for the approximately 2380 m3 (630,000 gallons) of water in
the basement of the containment. The concentration used to determine the in-
ventory of each nuclide was determined by plotting all the sample results and
drawing a curve (with the appropriate shape for the growth-decay characteris-
tics of the specific nuclide) through the data points. A pseudo-concentr?tion
for the time of the accident (04:00 on March 28, 1979) was then esitmated
from the curve. The pseudo-concentrations and the corresponding amount of
fuel activity that can be accounted for by the gaseous activity in the con-
tainment atmosphere is presented in Table 1. Table 1 also shows an 8.2%
addition to the release fraction which accounts for the noble gas activity
that escaped into the atmosphere during the early phases of the accident.
This percentage was calculated by taking the activity release sequence for
133Xe (Table 4-1 of reference 2), which correlated well with the measured
off-site doses, and corrected the 133Xe activity released during each time
increment back to the time zero (04:00, March 28 1979) activity. Thus, the
estimated release of 8.3 million curies of 133Xe2, when corrected for decay
and for the growth due to the decay of parent nuclides, yielded a time zero
release corresponding to 11.9 million curies or 8.2% of the core inventory.
It was then assumed that the percentage of 85Kr and 1 3 1Xe m released to the
atmosphere would also be 8.2%. As can be seen from Table I, the release frac-
tions for the three noble gas nucldes show good agreement.

To estimate the release of soluble (non-gaseous) fission products, the
quantities in the reactor coolant, the containment sump, and various tanks
plus an estimate of the amount on the purification demineralizers were used.
The data for 13J*Cs and 137Cs are shown in Table II. On March 28, 1979, about
75% of the cesium activity released from the fuel was transported to the
containment sump, about 20% remained in the coolant, and about 5% was on the
demineralizer. Between March 28 and August 24, 1979, additional cesium ac-
tivity was transported to the reactor building sump by a small leak rate and
some was transferred to the auxiliary building tanks. There is a noticeable
difference between the core release fraction for 137Cs and 131tCs. Since the
ratios of 137Cs to 131+Cs have been relatively constant (after correcting for
decay) in all samples analyzed by all laboratories, we suspect that the dif-
ference in release fractions is most likely attributable to the calculation
of the core inventory. Cesium-134 is not a fission product, so its produc-
tion is a two-stage process, the production of 133Cs by fission followed by
neutron capture to produce 13lfCs. If the core inventory for 131*Cs is 27Z
larger than the calculated inventory, there would be agreement between 13l*Cs
and 137Cs.

We were not able to calculate the release fraction for ^ 31I and 136Cs
accurately because their relatively short half-lives necessitate a large de-
cay correction and because of the very low concentrations present in the
containment sump samples. The fraction of core inventory of 131i and ^
in the reactor coolant samples was approxiamtely the same as for 137Cs,
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indicating that the core release fractions should have been about the same as
for 137Cs; therefore, the release fractions of 131I and 136Cs were estimated
based on a proportionality between the fractions in the coolant and the re-
lease fraction of 137Cs. Although the amount of 131I activity that can be
accounted for based on the existing data is only about 42%, previous fission
product release experiments3 have shown that the iodine release should be
about the same as the cesium release (60%).

The release fraction for tritium based on the analyses of reactor cool-
ant, containment sump, and tank samples is 73%. The amount of tritium in the
containment air as water vapor is negligible. The amount of tritium in the
containment air as hydrogen has not been measured, so there is no way of
telling whether the tritium was released in elemental form as tritiated water.
If we assume that the bulk of the tritium was released in the elemental form,
another 8% of the total inventory could have escaped to the atmosphere with
the noble gas activity that escaped following the accident. If we also as-
sume that the hydrogen still in the containment air has a tritium concentra-
tion equivalent to the ratio of tritium released from the fuel to the hydro-
gen generated on March 28, we calculate still another 12% of the inventory
could have been released. Thus, if the tritium was released in elemental
form, the total release could have been as high as 93%.

Table III lists the data for 89Sr and 9'5Sr. The release from fuel on
March 28 based on the reactor coolant sample of March 29 is less than 0.1%.
Between March 28 and August 24, approximately 2% of the strontium activity
was leached from the fuel. Because of the large decay of llt0Ba before the
reactor building sump was sampled, we cannot calculate an accurate release
from the fuel. However, the ratio of ***̂ Ba in the reactor coolant sample to
the core inventory is approximately the same as for 89Sr and 90Sr, indicating
a similar leach rate.

SUMMARY AND CONCLUSIONS

It can be concluded that no significant fuel failures have occurred
subsequent to March 28, 1979, since the data in Figures 1 through 8 show no
abrupt increases in the activity of any nuclide. Table IV summarizes the
activity releases on the day of the accident. The release fractions for the
volatile nuclides range from a low of 60% to a high of 76% with the mean
value represented by 67 ± 6%.

Since most of the information available at this time is based on gas or
liquid samples, this paper provides good estimates for all the gaseous and
soluble nuclides. However, since insoluble compounds may not be present in
these samples in representative amounts, the final assessment of the amount
of fission product activity released from the fuel will undoubtedly have to
be made at some later time when samples taken from inside the containment
and inside the reactor coolant system provide more accurate information on
the amount of activity associated with solid residues in the containment and
reactor coolant system.
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COMPUTATIONAL METHODS WITH RESPECT TO

LOCA TRANSIENT ANALYSIS

D. R. LILES AND 3. H. MAHAFFY

Los ALAMOS SCIENTIFIC LABORATORY
Los ALAMOS., NEW MEXICO 87545

ABSTRACT

LOCA simulation presents a wide range of problems to the analyist. Widely
differing time scales for the important physical phenonema require the use of
numerical schemes with high levels of implicitness and robust characteristics.

The TRAC computer code has been designed using economical yet stable
finite difference algorithms. The important short time constant phenonema are
incorporated implicitly and blended schemes allow material Courant limits to
be exceeded in some of the one dimensional components. A new two-step
procedure will allow future versions to handle small break LOCA's even more
efficiently.
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INTRODUCTION

The original charter for the TRAC effort specified that it was to be a

best estimate computer code applicable to large break LOCA analysis in PWR

systems. The code was to employ multidimensional fluid dynamics for at least

part of the system, it was to be set up to allow the user to mesh as finely as

desired and the thermohydraulic models were to be as detailed as possible.

In addition the code was to be as modular as possible so that a steam

generator, for example, could be modeled in a different manner from an

accumulator.

Since the concept of modularity permeates the code this aspect will be

discussed first. TRAC is modular by both system component (steam generator,

tee, pipe, vessel, etc.) and by function (one-dimensional fluid dynamics,

three dimensional fluid dynamics, etc.) Certain changes in models can

therefore be implemented in a three leg tee without affecting the steam

generator. An example in this case is a phase separation model which can be

activated for a tee component. Such a model is not presently in any other

reactor component.

It must however be recognized that the concept of modularity cannot grant

complete license to vary the fundamental field or constitutive equations from

component to component. An accumulator which explicitly accounts for the

noncondensible nitrogen is not compatible with a pipe connection capable only

of describing steam-water mixtures. The TRAC code therefore establishes

certain lower level functional routines which compute the basic heat transfer

and hydrodynamics for the system components in a way which is internally

compatible. These hydrodynamic routines, which are the fundamental building

blocks of a thermal-hydraulics code will be described in more detail.
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BACIC HYDRODYNAMIC METHODS FOR LARGE BREAK LOCA's

A. One-Dimersional Components

The Two-Phase, one-dimensional, hydrodynamics formulation used by all
of the components except the reactor vessel is a five-equation drift-flux
model. We believe that this is the simplest model that adequately
describes both the thermal and velocity ..nonequilibrium which may occur in
the reactor loop components for a wide variety of transients. Ref. (1)
provides a more complete description of the field equations.

The one-dimensional flow equations have been written in two separate
sets of finite difference equations for TRAC. The first form of the
difference equations is semi-implicit and has a time step size stability
limit of the form.

where x is the mesh spacing the V the fluid velocity. In blowdown
problems this time step is usually prohibitively small due to the high
velocities near the break. To alleviate this problem a set of
unconditionally stable, fully implicit difference equations is written
for use in pipes where the fluid velocities are expected to be high.

The equations are solved for one-dimensional pipes using a staggered
difference scheme on the Eulerian mesh. State variables such as
pressure, internal energy, and void fraction are obtained at the center
of the mesh cells which have length x., and the mean and relative
velocities are obtained at the cell boundaries. Because of this
staggered difference scheme, it is necessary to form spatial averages of
various quantities to obtain the finite difference form of the divergence
operators. To produce stability in the partially implicit method, a
donor-cell average is used of the form.

** V*
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where Y is any state variable or combination of state variables. An
integer subscript indicates that a quantity is evaluated at a mesh cell
center and a half integer donotes that it is obtained at a cell boundary.
With this notation the finite difference divergence operator is

where A is the cross-sectional area, and vol. is the volume of the
j cell. Sight variations of these donor cell terms appear in the
velocity equation of motion. Donor-cell averages are of the form

and the donor-cell form of the term V VV is
m m

fcr

The fully implicit finite difference equations also use a donor-cell
averaging. Therefore, they are very similar in form to the partially
implicit equations except of course that all of the convective quantities
are evaluated at the new time level.

In a one-cell transition zone between a region which is solved
partially implicitly and another region solved fully implicitly the
finite difference equations must be altered to maintain conservation of
mass and energy. In such a zone the fully implicit formulation is used,
except that the divergence terms are altered to the form
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B) Three-dimensional vessel hydrodynamics

The reactor vessel in TRAC is modeled using a fully three-dimensional

cylindrical coordinate staggered finite difference mesh. The flow field

in the vessel is represented by a two fluid six equation model rather

than the drift formulation employed in the pipes. The finite difference

equations are written using semi-implicit donor cell differencing.

Reference 1 should be consulted for a more complete description of the

field equations and finite-difference form.

It should be noted that the two fluid model used has a large region

where complex characteristics exist. Although this suggests that

unstable solutions may develop, if the mesh size is maintained at a

reasonable level (1 cm or greater), the basic dissipation in the

inter,acial and wall momentum terms is sufficient to stabilize the finite

difference equations (2).

All of the 3-D field equations have additional source terms to allow

piping to be connected anywhere in the mesh. These sources in the scalar

equations contain both an explicit (drift terms) and an implicit (center

of mass) term. The implicit term is iterated with the rest of the new

time variables in order to provide a consistent (in terms of time

differencing) procedure for one-dimensional connections to the vessel.

Flow areas it the coordinate directions in the vessel may be reduced

cr set equal to zero. The hydrodynamic cell volumes may be similarly

reduced. This allows large obstacles such as downcomer walls to be

modeled as well as the smaller scale structure such as rods and guide

tubes.

Small Break LOCA's

The principle characteristic of small break LOCA's is the duration of

the transient. In order to accurately model this type of accident very

efficient schemes are required which conserve mass and energy to a high

degree.

The original versions of TRAC used a Gauss-Seidel interation between

components and within the vessel. Later versions (P1A and PD2) employed

a network solver (3) which was the equivalent of a direct inversion

between components. However for small breaks even the vessel (PD2) must

use a direct inversion or an augmented rebalance technique to reduce mass

and energy errors to a small tolerance.
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There are two basic sources of scalar conservation error in the

finite difference equations. The first is a non-linear error if a full

Newton iteration is not employed (which is done in the vessel). This

error has never been significant for calculations done by TRAC. A second

much larger error can occur if an iteration is used to determine the

solution to the linear equations obtained from the finite difference form

(which is in itself conservative).

A Gauss-Seidel pressure iteration can converge on a CDC-7600 to a

relative error tolerance of about 10 reasonably efficiently; however

the resulting mass (and energy) error which occurs at this convergence

criterion at each mesh cell interface may be large relative to the small

efflux at the break. Experience has shown that for the system of

equations in TRAC a convergence criterion of at least 10 is required,

which is realistically unattainable using a simple iteration. Direct

elimination is the best answer.

A major weakness of the semi-implicit approach is that its time step

stability limit can result in prohibitively high computation costs for

typical small break LOCA conditions. One solution to this problem is to

apply a fully implicit numerical scheme to those regions which would most

severely limit the time step size and the less expensive semi-implicit

method to the remainder of the svstem as is currently done in TRAC.

However a stability enhancing two-step procedure may be applied to

the 1-D everywhere. This approach (4) eliminates the stability

restriction of the semi-implicit method, and requires significantly less

new coding and computation cost than adding a fully implicit scheme.

Although the details are too lengthy for inclusion in this paper, in

essence, the two-step procedure brings all of the convective terms up to

the new time level with a sequence of calculations rather than with the

implicit linear operations of the currently used fully implicit method.

The resulting tridiagonal equations are easier and cheaper to solve

within the framework of the existing TRAC network procedure than the

block tridiagonal structure of a fully implicit code. The two-step costs

only about 20% more per mesh cell per time step than the present

semi-implicit coding while a standard fully implicit functional unit is

twice as expensive.
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CONCLUSION

Reliable methods are now available for analysis of both large break

and small break LOCA's. However, much work remains for the future. All

of the methods described here are only first order accurate in space and

time. Much more efficient LOCA analysis codes may be possible if

sufficiently robust higher order methods can be developed and implemented.
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MOMENTUM AND MASS EXCHANGE IN
COUNTERCURRENT FLOW IN ?WR GEOMETRIES

by

A. Segev and R. P. Collier
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ABSTRACT

Interfacial momentum and mass exchange in a PWR downcomer
were investigated. A new momentum transfer correlation was
developed from air-water experiments in 1/15- and 2/15-scale
models of a PWR with standard and distorted geometries. The
correlation is based on the Kutateladze parameter and indicates
that the overall momentum transfer does not depend on scale for
geometrically similar models. Mass exchange has been included
by evaluating the effective gas flow for momentum transfer.
Predictions of the modified correlation agree quite well with
experimental results of steam-wa(:er flows in PWR scaled models.

INTRODUCTION

During a postulated loss-of-coolant accident (LOCA) due to a break in
a cold leg of a large pressurized water reactor (PWR), emergency core cooling
(ECC) water would be injected into the primary system piping to provide cool-
ing for the reactor core. Depressurization during the blowdown phase of the
LOCA would result in core steam flow in the reverse direction down through
the core and up the downcomer annulus. This upward steam flow has the poten-
tial to retard or even prevent the penetration of the injected ECC fluid to
the lower plenum.

Extensive experimental studies of downcomer behavior have been conducted
3X Battelle-Columbus Laboratories (BCL) [1] and at Creare [2] in PWR models
of different scales. It was found that the penetration phenomenon is very
chaotic in nature, involving complicated thermal and hydrodvnamic effects.
Thus, purely theoretical approaches often face numerous difficulties, and
the use of empirical correlations is necessary.

Semi-empirical correlations have been constructed by several investi-
gators using a numerical "best fit" to test data [3,4,5,6]. These correla-
tions include functional dependencies based on physical reasoning where
possible. A time dependent, multi-dimensional formulation has also been
developed for the computer program K-TIF [7], utilizing empirical functional
dependencies to describe mean transport and interaction processes between
the countercurrent streams of vapor and liquid.

In a recent paper, Segev and Collier [8] developed a theoretical model
based on the simple flow pattern of a liquid film draining down a heated wall,
assuming that this one-dimensional flow configuration represents the average
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chaotic phenomenon which occurs in the downcomer. This was done by coupling
standard mass and energy conservation equations with an empirical flooding
correlation which represents the net result of momentum exchange in the system.
As shown, a better description of the momentum exchange is needed to permit
application of the analysis to the scaling of ECC penetration from small models
to full scale. To further the understanding of this process we have investi-
gated the momentum exchange between air and water in PWR-like geometries and
studied the combined effects of momentum and mass exchange in steam-water
flows.

MOMENTUM EXCHANGE

The complicated process of momentum exchange between liquid and gas in
countercurrent flow can be described by a flooding correlation which represents
the net result of this exchange. The flooding correlation may be considered
as a limiting hydrodynamic relationship in which the upward gas flow rate con-
trols the partitioning of inlet liquid flow, W^in, between liquid flow which
penetrates to the lower plenum, Wo., and bypassed liquid»W - W , which
<--t * ~x j^xn XrX
flows toward the outlet.

Momentum exchange effects may be isolated from condensation effects by
conducting tests with steam and saturated water or with air and water. Experi-
ments with both fluid combinations in the same test facility have shown that
the penetration behavior is identical when described in terms of suitably non-
dimensional ized momentum fluxes [5]. This suggests that air-water data can be
used to extend the understanding of momentum exchange between steam and saturated
water in countercurrent flow.

Analytical and experimental studies of countercurrent flow in tubes and
annuli have been conducted; a review of some important investigations of
countercurrent flow in tubes may be found in Reference [9] . Most of those
studies were concerned with the critical gas flow which causes flooding, i.e.,
a situation in which falling and climbing films exist simultaneously. The
experimental results have indicated that the occurrence of flooding is highly
sensitive to the apparatus dimensions, such as diameter [io] and length [11],
injection mode [12] and inlet and outlet geometries of liquid and gas [13].
Even though experimental and theoretical studies in tubes or in annuli can
provide insight into the momentum exchange phenomenon it is questionable
whether the models or correlations developed in those geometries can be applied
directly to the nonsymmetric flows in scaled models of PWR's, in view of the
strong dependence on geometry and flow configuration. To minimize the
consideration of these effects when analyzing momentum exchange in PWR-like
geometries, air-water experiments have been conducted in 1/15- and 2/15-
scale models of a PWR.

The tests were carried out for a range of air and water injection
flow rates and water temperatures. The results may be presented by using
two parameters:

1) Wallis parameter -

where j x is the superficial velocity of phase x and Ca is the average annulus
circumference, and

2) Kutateladze parameter -
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where a is the gas-liquid surface tension. As shown in^Reference 14 the data
from the two different scale models do not overlay on J coordinates, but form
two distinct curves. When compared to 2/15-scale data, the 1/15-scale data show
increased penetration for a given J*. A better convergence of test results is
shown when the comparison is done on K coordinates.

Additional tests have been conducted in a 2/15-scale model in which the
annulus geometry was distorted relative to the standard configuration by
shortening (SCB) or extending (ECB) the length of the core barrel. Comparison
of data from tests with short, standard, and long core barrels in the 2/15-scale
model is shown in Figure 1. It is clear that there is an effect of annulus
length on the liquid penetration but that the effect becomes smaller as the core
barrel length increases. The short core barrel data lie well above data from
the standard and long core barrel tests. Standard and long core barrel data lie
close together, with a consistent trend for the standard core barrel data to
lie above the long core barrel data. This effect of annulus length is consistent
with previous work in tubes [11] and small annuli [15].

We found that for a fixed liquid temperature, different ECC injection rates
had no effect on the penetration rate, except in the short core barrel geometry
where penetration increased for higher injection rates. Long core barrel tests
with different water temperatures have shown that for a fixed ECC injection flow
rate, penetration decreases as the temperature increases which is similar to
the behavior observed in tests with standard core barrel [14]. However, this
was not the case in the short core barrel tests in which water temperature
seemed to have no effect on the penetration rate. The effect of liquid
temperature on penetration is in the direction one would expect changes in
surface tension to affect the penetration, but the magnitude of the shift
cannot be explained by surface tension effects alone. One explanation may
be that the effective gas phase is a mixture of air and water vapor. The
maximum amount of water vapor which the air can carry increases with liquid
temperature increase, resulting in higher bypass and lower penetration. This
effect depends on the contact time between the air and the water; the longer
the contact time is the more pronounced is the dependency on water temperature.

Based on the air-water experiments in the 1/15- and 2/15-scale models,
and assuming that the most relevant parameters in scaling interphase momentum
transfer in countercurrent flow are the geometry and the dimensionless flow
rates of the gas and penetrating liquid, we have constructed a new interphase
momentum transfer correlation based on the K parameter, in the form

K*1/2(l + K*±) = (4C a/L)
l M , (3)

where L is the annulus length. Equation (3) indicates that for a fixed gas
flow rate the liquid penetration depends only on the length-to-circumference
aspect ratio, so it is independent of scale for geometrically similar models.
This flooding correlation also indicates that the complete bypass point, K =

(4Ca/L)
1/2, does not vary with scale for geometrically similar models and its

value, K = 3.0, is close to the value 3.2 suggested as a criterion for com-
plete bypass [16].

As an example, Figure 2 compares the momentum exchange correlation
with experimental results obtained in the 1/15- and 2/15-scale model with an
extended core barrel. Reasonably good agreement is shown. Note that the effects
of liquid temperature in the extended core barrel tests as well as the effects
of liquid injection rate in the short core barrel tests are not accounted for
in this correlation. We have accepted these shortcomings for the sake of
simplicity and in view of the experimental results in the standard geometry which
did not exhibit any of those effects.
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MASS EXCHANGE

Interphase mass exchange in steam-water flows is due to condensation of
steam on the injected subcooled water. When the walls are superheated liquid
vaporization is also important. However, we do not treat the latter case in
this paper.

The dimensionless flow rate of steam condensed on the countercurrent pene-
trating liquid film is given by [8]

Kc = fXK£i ' W

where K.£. is the dimensionless inlet flow rate of the penetrating liquid, X is
the condensation potential and f is the condensation efficiency.

The condensation efficiency f was evaluated by Segev et al [17], in a
separate study where condensation of saturated steam on a subcooled liquid
film in countercurrent flow was determined, resulting in

Re 0' 3 0

L a I
f = 1 - exp(-1.34 x 10"* % ? 7 7) (5)

where Re x is the Reynolds number of phase x and t is the film thickness. The
best agreement between the theoretical predictions and the experimental results
in scale models was obtained when the film thickness was assumed to be 3.5 x 10 L,
which results in film thicknesses of the same order as would be predicted by
the Nusselt equation.

When applying the one-dimensional analysis to ECC penetration in PWR scaled
models, the mass exchange is not limited only to condensation along the liquid
film. Additional condensation occurs on the liquid which is being bypassed.
This condensation component is denoted by the nondimensional parameter K*b and
is shown to assume the following form [18]:

Kcbp

*
where D is the Bond number

K* = f TACK* - K* > D * 1 / 2 1 1 / 2

cbp f l l M K « , i n K J l i ) D ]

Ca t 8 ( p£ "

The parameter f^ may be regarded as the efficiency of steam condensation on the
bypassed liquid, in an analogy to the steam condensation efficiency on the liquid
film described previously. Using the same analogy for the functional form, f,
is correlated by

Ri 0' 5 8 C 0.32
f 1 - 1 - expl-4.5 x 10 ^ - ^ (~) ] (8)

R e£*

where the vapor and liquid Reynolds numbers are defined as
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The condensation efficiences, f and f-̂ , depend on the steam and liquid
flow rates, which control the turbulent mixing intensity. We also note that
the condensation on the liquid film has a small dependence on scale, whereas
condensation on the bypassed liquid is clearly dependent on scale (K*^ i> Ca ' )

a

MOMENTUM AND MASS EXCHANGE

The momentum exchange correlation developed for air-water is assumed to
apply to flows which involve mass exchange, such as steam-water flows, by con-
sidering Kg to be the effective gas flow rate for momentum exchange. In other
words, Kg in Equation (3) is the net steam flow rate at the entrance region,
and consists of externally supplied steam less the total amount of steam condensed:

* * * *
K = K - K - K , . (10)
g gc c cbp

Substituting Equations (4) and (6) into Equation (3) we obtain

i / 2] i / 2r
The steady steam flow rate, K , necessary to bypass a given amount of

liquid was calculated from Equation (11) and compared to experimentally
measured values obtained in 1/15- and 2/15-scale models with standard and
distorted geometries. As shown in Figure 3, the agreement is relatively
good and it appears that, for the range of liquid temperatures and vessel pressures
tested, condensation effects, dependence on scale, subcooling, and pressure are
well modeled by the analysis.

CONCLUSIONS

1) Even though we have ignored some potentially important phenomena, such as
three-dimensional flow effects, periodic slug delivery, sweepout of liquid
from the lower plenum by the core steam, and flashing or voiding of lower
plenum liquid, it appears that the average behavior in the downcomer and
lower plenum can be well represented by a physical model based on a one-
dimensional film flow configuration.

2) Additional experimental momentum exchange data for air-water flows in larger
scale models are needed to verify the flooding correlation developed here.

3) Simultaneous effects of mass and momentum exchange are accounted for reason-
ably well by a modified flooding correlation for the liquid penetration
behavior.

4) Steam condensation on the injected water has two components, each given by
a different relationship resulting in a different scale dependence.

5) The parameters f and f^ depend on the liquid and steam flow rates, among
others, and do not acquire a constant value as the condensation rate depends
on turbulent intensity
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ABSTRACT

A two-dimensional momentum balance equation has been developed, programmed,
and tested in RETRAN. Improvements in boundary condition specification, local
loss coefficients, and the numerical solution method have also been developed
and tested. The primary objective of the development effort was to extend the
applicability of RETRAN to analyses of asymmetrical operational transients.
The mathematical model, how it is incorporated into RETRAN, and the numerical
solution method are given in the paper. The improvements are illustrated by
analytical and numerical experiments. The vector-momentum model extends the
applicability of RETRAN to a wide range of geometrically complex flow
channels. Application to thermal-hydraulic analyses not usually attempted
with systems codes such as RETRAN can also be explored.

INTRODUCTION

The RETRAN computer programfl] has been designed for steady-state and tran-
sient thermal-hydraulic analyses of nuclear steam supply systems (NSSS), The
geometrically complex nature of NSSSs and the asymmetrical forcing functions
and system-response behavior of some operational transients required that a
more nearly complete momentum balance be developed for RETRAN. Several
regions in the primary and secondary loops of NSSSs are clearly multi-
dimensional, and many of the devices and components associated with the fluid
flow loops are multi-dimensional with respect to thermal-hydraulic analyses.
The core of the system, heat exchangers (steam generators), flow conditioning
devices within the primary pressure vessel, and the plena of the pressure
vessel are examples of multi-dimensional components. Other examples are given
by the several locations at which the coolant flow may change direction,
divert into more than one flow path, or converge into a single flow path from
more than one flow path. The pressurizer and ECC accumulators attachment
locations and the downcomer-to-piping attachments are examples.

Some operational transients result in asymmetrical NSSS responses. If, for
example, only one pump out of two (or 3 or 4) stops supplying motion in one
loop of a multi-loop NSSS, the thermal, hydraulic and neutronic response of
the NSSS may not be accurately described in a one-dimensional manner. Some
asymmetrical forcing functions may occur on the secondary side of the NSSS.
The off-normal behavior of one steam generator out of two (or 3 or 4) will

*This research supported by the Electric Power Research Institute.
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cause asymmetrical response of the primary side. Accurate prediction of the
response of the primary side requires a multi-dimensional thermal-hydraulic
model.

The momentum equation in RETRAN is a one-dimensional approximation to the
complete, vector-form of the macroscopic momentum equation. To increase the
capabilities of RETRAN a two-dimensional momentum equation model has been
developed, programmed and tested. The primary objective of the development
effort was to extend the applicability of RETRAN to analyses of asymmetrical
operational transients. Improvements in boundary condition specifications,
local-loss coefficients, and the numerical solution method were developed at
the same time.

The results of the development efforts have been improvements in the applica-
bility of RETRAN to confined, complex flow paths and to some two-dimensional
flows in open, unconfined flow fields. The latter result will allow spatial
resolution to be used in large areas such as plena, cores and steam generator
secondary side.

EQUATION DEVELOPMENT

RETRAN uses macroscopic, or overall, balance equations of mass, momentum, and
energy. The overall balances are obtained from the local, instantaneous,
multi-dimensional Navier-Stokes equations by use of averaging procedures. The
averaging procedures are discussed in detail in [1—5]. The resulting equa-
tions, essentially equivalent to most finite-difference approximations, are
applied in RETRAN on a volume-and-junction basis (also called tube-and-tank or
node-flowpath). The mass and energy equations are applied to the volumes, and
the momentum equations, to the junctions. Detailed descriptions of the appli-
cation procedure are given in [3,6]. The mass and energy balances are scalar
equations that are unaffected by the modifications to the momentum balance and
are not discussed here.

The vector-momentum balance will be developed by reference to Figure 1.
Figure 1 shows two control volumes "k" and "I" connected at junction " j " . The
usual RETRAN volumes are outlined by the rectangular lines and the usual
RETRAN momentum cell is outlined by the heavy rectangular lines. The momentum
cell is bounded by planes through the centers of the volumes "k" and "I" and
by the flow-channel walls. Two arbitrary control volumes with irregular
geometry are shown superimposed over the regular RETRAN volumes. These
volumes are also connected at junction " j " . The momentum cell for the arbi-
trary volumes is also bounded by planes through the center of the volumes and
the flow-channel walls. Several flow paths, jl through j5, are shown in
Figure 1. These flowpaths are at arbitrary angles $-^ relative to the angle

The basic deficiency in the standard RETRAN momentum balance can be stated as
follows. The momentum balance did not contain any vector information and in
addition, all the angles ^ through <f>j5 were assumed to be parallel and to
have the same direction. "This assumption affects calculations in straight
flow channels as will be shown later. The momentum balance developed for
vector-momentum RETRAN correctly incorporates vector information. The vector
information primarily affects the momentum flux and the friction forces. With
reference to Figure 1, the momentum flux must be evaluated at the planes
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A

Figure 1. Generalized Control Volumes With Several Flowpaths
for Each Volume

©
a) Junction "to" and "from" assigned uniformly from left to right.

For junction 3 volume 4 is "to" and volume 3 is "from".

©
b) Junction "to" and "from" assigned uniformly from left to right

except for junction 3, which has volume 3 as "to" and volume 4
as "from".

Junction Number

©"-Volume Number

c) Junctions assigned according to b) and arranged in the same
direction as treated by standard RETRAN.

Figure 2. Illustration of the RETRAN "Tc"-and-"From" Concept
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through the control-volume centers. Thus, the direction and location of the
junctions jl through j5 relative to the planes must be determined. This
information is also determined in vector-momentum RETRAN,

The macroscopic momentum balance is obtained from the local momentum balance

—- pv. + - — pv. v, - - - — p + - — a,, + pg. , (1)

where

o. • "• •~-yd..6., + U^J > (2a)

and

d±k - { • — + • — 1 , (2b)

by integration over a finite-size control volume.[1,4,5] The principal
assumptions in the derivation are:

° The flow areas A^ at the flowpath locations are perpendicular to the
flow-channel walls.

° The flow velocity is perpendicular to the flow area A*.

° The average of products of dependent variables is the same as the
product of average values.

° The contributions of viscous forces acting on the flow areas A- can
be neglected.

The macroscopic momentum balance is combined v?lth the macroscopic form of the
generalized Bernoulli equation to account for dissipation due to local flow
perturbations.[1,4,5] The results of these operations for the component of
the flow at junction "j" in the direction ^ is

'*"*

" A
K V * 2 V* -1

r n *
Ul A,2J 2 j»* j'

" ^ I 1 t l * v >

The terms on the RHS of Eq. \3) are identified as follows. The first term is
the pressure acting on the momentum cell at the planes "k" and "t'\ The
seccad term is the momentum flux in the direction $. at the planes "k" and
"I". The third term is the wall friction in the direction $. evaluated at the
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junction "j". The fourth term is the volumetric body force due to gravity.
The last two terms are due to local flow perturbations such as area changes
and arise from the generalized Bernoulli equation.

It is important to note the differences between the generalized momentum
balance of Eq. (3) and the usual momentum balance in RETRAN. Both equations
have the same form. The differences between the equations is in the evalua-
tion of the terms on the RHS that are functions of the flow. Eq. (3) solves
for the component of the flow in the direction +.< and tfca RHS terns are
evaluated using the flow components. The largest difference is associated
with the momentum flux contributions. As noted previously above, the usual
RETRAN momentum balance implicitly assumed that all the flowpaths associated
with a volume were parallel and used an algebraic, nonvector, evaluation of
the momentum flux. This is clearly incorrect and will be important if the
flow is momentum-flux dominated.[2] The usual RETRAN model can produce non-
physical results for some cases.

The mass flow at the planes "k." and "£" used in the _moxentum_ flux is not
obtained directly from a balance equation. The U. and W must be
expressed in terms of the W. , which are obtained from tne momentum balance.
This situation is present In the case of almost all numerical solution
methods. In incorporating the generalized momentum balance of Eq. (3) into
RETRAN, the vector nature of the momentum flux is accounted for and in
addition, numerical solution options for the momentum flux are programmed.

Numerical Solution Method

The macroscopic balance equations applied to a thermal-hydraulic system form a
system of ordinary differential-difference equations that can be written

fji. Fn+1(y) +Gn(y) . (4)

In Eq. (4) y is a column vector of dependent variables and F(y) and G(y) are
vectors that are functions of y. Eq. (4) indicates that some of the RHS terms
can be evaluated at the new time level and some at old time level. The
division is somewhat arbitrary. In the original RETRAN solution method, the
momentum flux, wall friction and wall heat flux, which are not explicit func-
tions of the y's, are evaluated at the old time level. While incorporating
the generalized momentum balance into RETRAN, the following changes were made
in the solution method:

° Wall friction and momentum flux written explicitly in terms of W- ,,
and contributions to the Jacobian of Fn+1(y) included in £he
solution method.

° Options for "hybrid differencing" of the momentum flux.

° Donor-cell and arithmetic-average options for state quantities
required at a spatial location where they are not calculated (i.e.,
pressure, density, enthalpy).

° Improved treatment of the momentum flux and wall friction at
boundary cells•
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These and other changes are discussed in Kef. 2.

Calculated Results

Some of the improvements effected by incorporation of a generalized momentum
balance into RETRAN are illustrated in this section. In general, checkout of
all the possible combinations of differences between the usual and generalized
models and solution methods, and extensive NSSS calculations have not been
completed. The purpose of the calculations reported here is to illustrate the
concepts associatea with the vector-momentum model.

Some of the improvements can be tested by use of simple, straight flow
channels with constant cross sectional area. RETRAN representations of such a
channel is given in Figure 2. In standard RETRAN the "to"-and-"froa"
convention is the only means for determining geometric relationships, and is
adequate for many situations. In vector RETRAN, junction angles <J-̂  are also
supplied, to give a more nearly complete definition of the relationships. The
end volumes are modeled as Time-Dependent Volumes (TDV) to provide (pressure
specified) boundary conditions. In Figure 2a, the "to"-and-"from" volumes are
numbered uniforely from left to right in the direction of flow (p^ > p^). In
Figure 2b, the "to"-and-"from" volumes are reversed at juncion 3. Figure 2c
shows how Figure 2b is interpreted by standard RETRAN.

The steady-state flow of incompressible fluid in the channel is characterized
by a constant pressure gradient and the flow rate is determined by the
pressure drop-wall friction balance. With the pressure drop fixed, four
transient runs to steady-state were made as follows: standard RETRAN and
vector RETRAN were run with the input as shown in Figures 2a and 2b.

The results of the runs were:

° Standard RETRAN attained steady state for the conditions of
Figure 2a but failed to complete the run for Figure 2b;

° Vector RETRAN correctly executed both cases.

The steady-state results are shown in Figure 3. The results in Figure 3 show
that standard RETRAN does not give the correct pressure distribution and flow
rate. The nonuniform pressure gradient obtained from standard RETRAN was due
to the boundary condition treatment in the TDV. Vector RETRAN obtained the
results in Figure 3 for both cases 2a and 2b in Figure 2.

An example of a momentum-flux-dominated flow was devised to test the vector-
momentum model. A representation of the flow, a two-dimensional contraction
is given in Figure 4. The control volumes are square so that overall the
contraction has a 5-to-l area ratio. The flow was on a horizontal plane and
the Initial conditions were pressure constant (at 4.83 x 10 N/m ) and zero
velocity. The "FILL" boundary condition for junctions 1 through 5 ramped the
velocity of the subcooled liquid to 15.24 m/s in 0.015 seconds and held it
constant. Transients were run to steady state with both standard and vector
RETRAN without friction and local loss coefficients.

The results obtained with standard RETRAN were not correct for various rea-
sons. The algebraic, nonvector momentum flux model, for example, does not
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treat the flow at junction 37 correctly and if the "to''-and-''froii" designa-
tions are not consistent with the expected steady state, the results are
aphysteal. Vector RETRAN consistently executed the flow correctly with and
without local losses and with arbitrary, but correct, distribution of the
junction angles $<• The vector-momentum model also calculated the analytical
pressure drop across the contraction with good accuracy. A typical velocity-
vector distribution obtained by vector RETRAN is shown in Figure 4.

SUMMARY AND CONCLUSIONS

Incorporation of a vector-momentum balance into RETRAN has improved the
hydraulic model in the following areas:

0 Vector RETRAN corrects the "to"-and-"fro«" concept in standard
RETRAN and will give consistent results that are not dependent upon
the directions of the junction connections.

° Vector RETRAN provides a geometrically correct description of two-
dimensional flow fields.

° Vector RETRAN will improve hydraulic calculations in confined two-
dimensional flows such as Tees and provides a basis for application
to open flow fields.

° Boundary condition treatment has been improved.

The vector-momentum model extends the applicability of RETRAN to a wide range
of geometrically complex flow channels. Application to thermal-hydraulic
analyses not usually attempted with systems codes can also be explored.
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NOMENCLATURE

A
e*
Fw
g
L
M
P
V

W
P
u

SUBSCRIPTS

Flow area
Local loss coefficient
Wall friction
Acceleration of gravity
Length of control volume
Mass
Pressure
Velocity
Mass flow rate
Density
Viscosity

j Junction
k Volume k
I Volume I
$ $r-Direction

t
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AN IMPROVED GAP CONDUCTANCE MODEL FOR THE TRAC CODE

by

S. W. Hatch* and D. A. Mandell**
Los Alamos Scientific Laboratory

Los Alamos, NM 87545

ABSTRACT

This paper describes a new gap conductance model which
has been implemented into the Transient Reactor Analysis
Code - TRAC. The present version of TRAC, PlA, uses a
constant fuel to clad radial gap, Ar, throughout the entire
transient. The new model calculates Ar by using the un-
coupled, quasi-static approximation for the fuel rod
mechanical equations in which the mechanical coupling term
in the energy equation and the inertia term in the mechan-
ical force balance are omitted. TRAC results with and
without the new model are compared to LOFT nuclear test
L2-2 data. The new model compares better to the data than
TRAC-P1A.

I. INTRODUCTION

The purpose of the present paper is to describe an improved gap conduct-
ance model proposed for implementation in the Transient Reactor Analysis Code
- TRAC.1 The present version of TRAC, PlA, uses a constant fuel to clad
radial gap, Ar, throughout the entire transient. The goal of the present work
is to accurately calculate Ar as a function of time and to minimize the
increase in the computer running time and storage requirements of the code.
Since these goals are mutually exclusive, a simplified model, which is des-
cribed below, was chosen for the initial implementation into TRAC. More
detailed models for the steady state and transient gap conductance calcu-
lations are being considered for the future.2,3

The proposed model uses the uncoupled, quasi-static approximation for the
fuel rod mechanical equations in which the mechanical coupling term in the
energy equation and the inertial term in the mechanical force balance are
omitted. By neglecting these terms it is assumed that the influence of the
strains in the fuel and clad on the temperature distribution are small and
that displacements are instantaneous.

•Graduate Research Assistent. Present Address: Sandia Laboratories, Nuclear
Fuel Cycle Systems Division, Albuquerque, NM.

**ANS Member
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The fuel clad gap system is modeled in three regions as shown in Fig. 1:
solid fuel, cracked fuel, and cladding. Gap changes are found by calculating
the radial displacement of each region due to thermal expansion. The present
gap conductance model and the proposed model are described in the next
section. Sample results comparing the two methods are then discussed.

II. ANALYSIS

The TRAC-PlA gap conductance model is first discussed and then the
proposed model improvement is described.
A. TRAC-PlA Gap Conductance Model

The gap conductance can be written as the sum of three contributions due
to (1) the gap gas, (2) the contact between fuel and clad, and (3) the
radiative heat transfer term

ngap = ngas + hcontact + nrad d)

where

v
(2)

hrad = « " C3)
F C

F =
+(

eF a ec

and the contact gap conductance, hcontact> is zero in TRAC-PlA. The gap
spacing is currently an input variable to the code and remains constant
throughout the calculation. 6, which is a constant, includes the fuel and
clad surface roughnesses and the temperature jump distance. The value of 6 is
fixed in the code at the value given by Tong and Weisman4 for a zero contact
pressure gap conductance (Also see Ref. 5)

6 = 4.4xlO-6m (5)

B. New Gap Conductance Model
The solution for the uncoupled, quasi-static approximation is taken from

Boley and Weiner.6 This uncoupled solution is used to calculate
displacement in the solid fuel and clad regions. The calculations for the
deformation of a hollow or solid circular cylinderical body of outer radius b
and of height h are given in Ref. 6 for the case of plane strain where the
ratio h/b is large compared to unity. Other assumptions made are that the
cylindrical surfaces are free of forces and axial displacement is allowed. If
should also be noted that since we are using the uncoupled, quasi-static
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approximation, the temperature distributions are assumed known from the energy
balance. The solution in Boley, is then,

u(r)
r(l-v)

(1+v)

r
Trdr 4

(l-3v)r2+a2(l+v)
b

Trdr (6)

where a is the inner radius of a cylindrical shell. Eq. (6) is used to
calculate the radial displacement of the clad inner radius and solid fuel
radius, r=a and r=r', respectively. The results are:

D

(7)

and

u(r') Ifrrdr (8)

The subscripts C and F stand for clad and fuel respectively. Also, for the
solid fuel displacement, a=0. The clad inner radius and solid fuel radius
after thermal expansion will be

a n e w = a + u(a)

and

(9)

r'new = r1 + u(r') (10)

The fuel pellet cracked region is assumed to start at a fixed, input
radius, r1. A smooth parabolic temperature distribution is also assumed
across the pellet and is continuous at the solid fuel/cracked fuel boundary.
The equation used to calculate cracked fuel displacement was taken from
Mast. / Mast developed a solution for the cracked fuel thickness after
thermal expansion,
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t« to

R2 - r-2

R

Tprdr +
R

(l+vp)Op f

Rrrf r1

Hgdc (11)

where tg is the initial undeformed radial thickness of the cracked fuel.

t 0 = R - r- (12)

The radial gap width after thermal expansion will be

Gap width = a n e w - (r'new + t) (13)

or by using Eqs. (7), (8), and (13)

Gap width = (a-r1) + b

Vdr -
r1

Ifcrdr

-to 1-
2V

r2.r.2 R-r(

K

Tpdr

(14)

The above equation was coded in TRftC and the results are discussed in the
next section.

III. RESULTS

Since the fuel rod gap conductance exists only in nuclear fuel rods and
not in electrically heated rods, it is necessary to compare gap conductance
models with nuclear experiments. In the present work TRAC-P1A calculations
with and without the new gap conductance model are compared to LOFT nuclear
test L2-2 data.8 The results are shown in Fig. 2, where the new gap
conductance model is referred to as "DELTAR".

An analysis of the TRAC posttest calculations for LOFT nuclear test L2-2
shows that the series of dryouts and rewets measured in the test were not
predicted by TRAC-P1A.9 Consequently, an examination was made of
alternative rewet heat transfer correlations; that is correlations for the
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minimum stable film boiling temperature (Tmin) and it was found that the
IloejelO correlation for Tmin resulted in better agreement between the
data and the predictions. Therefore the Iloeje correlation was included in
the present calculations, as indicated in Fig. 2.

The new gap conductance model effects the LOFT predictions only during two
periods of the calculation (Fig. 2). The peak clad temperature (PCT)
prediction of TRAC-PlA early in the run is approximately 60 K above the data
and the new model is about 20 K below the data. During the reflood portion of
the transient TRAC-PlA predicted reflood to occur 10 s later than the
measurement, while DELTAR showed a 5 s improvement.

Figure 3 shows the steady state fuel rod radial temperature distributions
for the two cases at the same core location as Fig. 2 (central bundle, hot
rod, midplane). DELTAR results in lower temperatures and thus lower initial
stored energy then the TRAC-PlA calculation. This would be expected from the
results of Fig. 2.

The DELTAR model requires the percent of the fuel that is cracked to be
input and in the results of Fig. 2, 30 percent of the fuel was assumed to be
cracked. Figure 4 shows that the percent of the fuel that is cracked has a
small effect on the DELTAR results. These results are in contrast to the
results of Maki and Meyerll which showed large temperature differences
between zero and 100 percent cracked fuel. For example, Ref. 11 reports an
equivalent steady state fuel temperature of 892C for the 100 percent cracked
fuel versus 1016C for the 0 percent case, for a fuel rod operating at 40
kw/m. The maximum LOFT L2-2 linear heat generation rate was 26.38 kw/m. Maki
and Meyer consider the effect on the fuel heat conduction of the cracks and
the effect of fuel/clad contact due to the cracks. These effects are not
considered in the present work, and this may account for the qualitative
differences in the results, but the present results are clearly an improvement
over the TRAC-PlA constant radial gas gap.

It is of interest to compare the radial gas gao obtained from the present
model with the results of a more detailed model and this is done in Fig. 5.
FRp,p_j4 temperatures from a LOFT L2-2 run were used to calculate DELTAR gap
spacings and these are compared to the FRAP spacings. It is seen that DELTAR
results are in very good agreement with the FRAP calculations.

IV. CONCLUSIONS

The purpose of the present work, as indicated earlier, is to improve the
present constant fuel clad spacing in TRAC-PlA without significantly
increasing the computer costs. It is realized that the simple model proposed
may not be accurate enough for some cases, but for the initial calculations
made, Fig. 2, the DELTAR model improves the predictions over the constant &r
results of TRAC-PlA and the additional computing costs are negligible.
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NOMENCLATURE

a clad inner radius
a n e w clad inner radius after expansion
b clad outer radius
F fuel-clad radiative view factor
hgap total gap conductance
hgas contribution of gas conductance to hgap
•"•contact contribution of contact conductance to hqap
hracj contribution of radiative heat transfer to hgap
kgas gas thermal conductivity
R fuel pellet outer radius
r radial coordinate
r" radius of end of solid fuel (Fig. 1)
r'new radius of end of solid fuel after expansion
Ar radial gap between fuel and clad
T temperature
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U
a
6
e
v
0

c
F

NOMENCLATURE

cracked fuel radial thickness after expansion
initial radial thickness of cracked fuel
radial displacement
coefficient of thermal expansion
sum of fuel and clad roughnesses and jump distance
radiative emissivity
Poisson's ratio
Stefan-Boltemann constant

SUBSCRIPTS

clad
fuel

i
i
j MUlfWL

1

1
j U

CTiymc

Fig. I. Fuel Rod Geometry
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W. Sengpiel, H. Borgwaldt

Kernforschungszentrum Karlsruhe
Postfach 3640, 7500 Karlsruhe
Federal Republic of Germany

ABSTRACT

Main characteristics for the thermal and mechanical loads
of PWR fuel rods during LOCA transients are the peak cladding
temperatures and the (final) maximum circumferential cladding
strains. In modelling LOCA transients with best-estimate codes a
large number of input variables and model parameters are either
genuine random variables or constant parameters known only within
certain scatterbands. Characterizing both types of non-determini-
stic data by probability density functions (pdf) leads via a pro-
babilistic analysis to corresponding pdf's for the output varia-
bles of interest. For probabilistic LOCA analysis Monte Carlo
procedures using a response surface approximation, as an inter-
mediate step, have shown to be a highly adequate approach. In the
frame of the activities reported here the investigation of the
transient single rod behaviour is extended to estimate probabili-
ties for clustering of strongly reduced coolant channels as a
consequence of coplanar high cladding deformations in groups of
neighbouring rods.

INTRODUCTION

A concise deterministic prediction of the transient fuel rod behaviour
under LOCA conditions with best-estimate codes is not possible, in view of a
large number of random or uncertain input variables and model parameters. For
the purpose of reactor safety analysis the assessment of transient fuel rod
behaviour (e.g. evaluation of peak cladding temperature PCT) usually has been
performed by considering the upper bounds of the relevant code outputs,
choosing simultaneously extremal, i.e. pessimistic, values for all random or
uncertain input variables. At least with respect to randan variables this pro-
cedure will result in an excessive level of conservatism.

Jh order to study how the variability of input parameter vectors Is pro-
pagated through complex codes for LOCA analysis several authors (e.g. /I,2,3/)
have introduced the Response Surface Methodology in some form or other. Main
feature of this methodology is the introduction of an inexpensive substitution
code, i.e. the response surface approximation, replacljig the original long-
running best-estimate code. The construction of this response surface is per-
formed by least-squares fitting (regression analysis) using a set of computa-
tions with the original code. One possible form of the re&ponse surface is a
low order Taylor series expansion valid for a restricted region around the
chosen reference point. The techniques for evaluating the expansion coeffi-
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cients are well-established and connected with notions like Analysis of
Variance (ANOVA) and Fractional Factorial Design. Main applications of this
form of response surface are sensitivity analysis and error propagation studies
for codes.

A different type of investigation alms at estimating pdffs of selected out-
put variables induced by the pdf's of all randan and uncertain input para-
meters. This has to be done by large-scale Monte Carlo sampling of a suitable
response surface function. In order to be able to estimate tail probabilities
for the output variables considered a response surface approximation has to be
used which is adequate in the complete range of input data. This necessitates a
free choice of ansatz functions for the response surface and an experimental
design which covers the complete range of' input data variability. Investiga-
tions performed at KfK /4,5/ pursue the extension of techniques introduced by
Steck et al. / V in three directions:

- treatment of the complete LOCA transient, including refill and reflood
phases,

- estimation of the pdf's for peak cladding temperature (PCT) and maximum
circumferential cladding strain (MCS) after blowdown,

- assuming a rod bundle of high nominal load, estimation of the numbers and
configurations of strongly reduced coolant channels. These results will be
applied to assess long-term coolability.

As for the problem specifications we regard a PWR of type BIBKES-B (KWU)
during a 100 % double-ended cold-leg rupture with 50 % availability of BCCS.
The reference fuel rod bundle is at BOC 2, which is characterized by high nomi-
nal specific rod power and high internal gas pressure. For the single rod analy-
sis azimuthal symmetry is assumed, thermal and mechanical interactions between
adjacent rods are neglected.

MEIH0DOL0GY

Pig. 1 demonstrates the general procedure of the probabilistic analysis of
transient fuel rod behaviour. A so-called experimental design is chosen to
select sets of random or uncertain input data for computer simulations. We
decided to use the Latin Hypereube Sampling scheme recomnended by Conover et
al. /6/.

The com;, ter simulations of IDCA transients are performed in a familiar
three-step sequence starting with a RELAP4 primary system analysis. This step
is followed by RELAP4 single channel analysis runs varying a number of para-
meters influencing thermohydraulics in the subchannel.

The code system SSYST / 7 / for modelling the transient fuel rod behaviour
takes its transient boundary conditions during blowdown (i.e. coolant pressure,
coolant temperature and heat transfer coefficients for 22 axial nodes along the
channel) from the foregoing RELAP4 calculations. SSYST models the transient
fuel rod behaviour during all three phases of a LOCA requiriiig about 2 min
cpu-time on an IEM-3033. Compared to the RELAP4 calculations, SSYST has to
cater for a much higher number of variable Input parameters* For some 100 SSYST
simulations a consistent set of transient blowdown boundary conditions has been
used resulting from 60 HELAP4 single channel analysis runs. Ws restricted the
probabilistic analysis to the inclusion of 20 parameters X^ supposed to be
significant, ci. Table I.
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VARIABLE

X

X

X

X

X

X

X

X

X

X

1

2

3

4

5

6

7

8

9

1O

DEFINITION

relative reactor power.
steady state, related to
nominal design value

multiplier for decay heat
(AHS standard)

water gap factor

multiplicative 'safety
factor' for local rod
power

pellet radius, cold

cladding inner radius,
cold

cladding thickness

relocation factor.
additive term to hot
pellet radius

heat conductivity gap
gas, multiplier

relative internal gas
pressure, related to SO
bars

VARIABLE

X

X

X

X

X

X

X

X

X

X

11

12

13

14

15

16

17

18

19

20

DEFINITION

Multiplier for poet-DHB
heat transfer
eoefficientsj blowdown

rest water in lower
reactor plenum, end of
blowdown, rel. to plenum
volume

heat transfer coefficient
refill phase

heat transfer coefficient
ao r«fload phase *)

multiplier o^ In
empirical heat transfer
correlation, reflood
phase *)

statistical factor of
IKS strain rate model

specific heat capacity
U0-' multiplier

thermal conductivity 0U-,
multiplier

specific heat capacity
IKY, multiplier

thermal conductivity ZRY,
multiplier

x) empirical flood correlation of the form a
a0 + ., (CONST, + COHST2 • t/tqu-nch)

(t)

Table I

sed on the outputs y^ of these computer experiments the response func-
tion YCXi,...^), m < 20, is constructed, using a procedure of multiple
stepwise linear regression. Pt»r the regression analysis a set of ansatz func-
tions has to be chosen subjectively by the Investigator. Subsequently these
ansatz functions have to be exchanged and/or extended taking into consideration
the ranking order of terms supplied by the regression algorithm and some physi-
cal insight.

Thus the final form of the response surface function is found by an itera-
tive learning process. As usual In regression analysis, the quality of the
response function has to be Judged by the residual variance and some R2-
statistics. The application of regression analysis to computer output data
without genuine random errors has to be Justified by testing the residuals for
approximate independence and normal distribution. Our so far positive expe-
rience probably is due to some feature of the Latin Hypercube Sampling scheme,
favouring uniform spreading of sample vectors.

Assuming an adequate response surface and sufficient knowledge of the
pdf's for all input parameters, straight-forward Monte Carlo sampling tech-
niques are used for estimating the pdf of the associated output variable. To
obtain pdf's for input variables In many cases engineering Judgment has to be
used, in other cases values from literature and licensing practice are avail-
able. A response surface which has been evaluated for a single rod also can be
applied to the probabilistic analysis of rod bundles, provided the following
Important restriction Is observed. Randan input parameters may vary Incoher-
ently from rod to rod as "local" parameters or they may have a "global",
coherent effect for the whole bundle. All uncertain variables are global data,
according to cur definition. This distinction between local and global para-
meters has to be taken Into account In Monte Carlo sampling for the bundle.
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flESULTS

Fig. 2 shows a schematic cross section of a reference fuel element with
236 rods. Biree subclasses of rod power have been Introduced corresponding to
ranges of the nominal radial power shape factor rre^ between 1.25 and 1.40. The
assumption of a rather steep cosine axial power profile with a shape factor
fax • 1.30 does not agree well with the burn-up state BOC 2 of the reference
bundle, but reflects licensing practice. Pig. 3 shows results of a SSYST simu-
lation for a hot rod, viz. the typical transients of cladding temperature and
circumferential strain over the complete LOCA at an above center position.

The combined effects of a steep axial power profile and a decline of heat
transfer conditions from bottom to top during the reflood phase lead to a
bunching of PCT and MCS respectively in a single axial zone slightly above
center. She response surface approximations of PCT and MCS have been evaluated
for this axial zone of highest load* As an example for their form we show the
response surface function of MCS:

internal gas pressure •
local rod power/
steady state

gap widthi steady state

local decay heat

post-DHB heat transfer
multiplier, blowdown

thermal conductivity OO2

rest water • H'C fiii

local rod power, steady state

o0, flood

thermal conductivity gap gas

av flood

factor of statistical IRY
creep law

specific heat capacity 00,

- « 0

+ °2 '
+ a3 •

+ L4 '

+ o5 •

+ a6 "
+ o? •

+ ae •

+ «9 '

+ « .

+ o12-

X10

(X6

(X1

X11

X18

X12
<X1
X14
X9

X15

X16

X17

• (X1 « X3 • X4 • fra<J)

- X5 - X8)

• X2 - X3 • X4 • frafl)2

• X13

* X3 • X4 • f ) 2

It has not quite the same quality of fit as the corresponding function for
PCT. This is explained by the strong nonlinear dependence of the strain rate on
cladding temperature and mechanical load. Leading terms of this expression are
physically related to the locally stored or generated heat energy, to the
Initial gap width and the Internal pressure.

Figs. 4a,b show the Monte Carlo estimates of the pdf fs for PCT and MCS
respectively. Die 95 % confidence intervals for the cumulative density func-
tions (cdf) have been obtained using the error estimates of the response
functions derived from the distributions of the residuals. Ihe pdf of MCS
Indicates that strains e > 30 % cannot be excluded. As far as bundlr3 of 236
rods are concerned estimates of the pdf's for the number of rods with e > 30 %
(Fig. 5) and for the number of strongly reduced coolant channels (with residual
areas < 20 % of the original area, FLg. 6) show however that coolant channel
blockages of significant extent are very Improbable.

This situation may change drastically, when only the local, Incoherently
acting parameters are varied by Monte Carlo sampling, whereas conservative
limiting values are kept fixed for all global parameters QQ,X2,H1,X12,XL3,
Xl4,Xl6 - cf. Table I). Under these assumptions (for which reasonable arguMsnts
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can be supplied) Fig- 7 shows a severe Increase In the number of strongly
reduced channels. Fig. 8 is one Monte Carlo realization of a likely cluster
pattern of strongly reduced coolant channels in our reference element. In /5/
an equivalent cluster diameter has been tentatively defined, as an aid for
identifying those clusters which might impede long-term coolabllity. The pdf's
evaluated for this diameter seem to indicate that even for the highly loaded
fuel element •'aider consideration diameters greater than 5 pitch lengths can be
practically excluded.

CONCLUSIONS

The transient fuel rod behaviour and conditions in a highly loaded fuel
element during a complete PWR LOCA have been investigated as a probabilistic
problem. Starting from response surface approximations for the peak cladding
temperatures (PCT) and maximum circumferential cladding strains (MCS) during
the refill and reflood phases their pdf's have been evaluated by Monte Carlo
methods. This approach, using as an intermediate step the evaluation of
response surface functions, has significant advantages:

- Regression analysis gives a ranking order of the most relevant input
variables and model parameters.

- Fast-running response surface approximations allow inexpensive updating of
final results when improved experimental data necessitate the exchange of
input pdf's.

Moreover, the Response Surface Methodology has proved very useful for
extending the probabilistic analysis from single rods to the overall behaviour
of fuel elements, provided the necessary distinction between local, incoherent
and global, coherent parameters is considered properly.

The output variables evrluated in our investigation, i.e. PCT and MCS,
were sufficiently well-behaved to yield satisfactory response surface
approximations. Nevertheless the different efforts required to obtain these
response surfaces seem to indicate that approximating the MCS probably is a
limiting case for this technique.
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ABSTRACT

The development of an improved fuel design l imit appears
to be technically feasible and i ts implementation into reactor
operations appears to be economically attractive for various
pressurized water reactor designs. A maximum cladding temperature
criterion of 870°K (1110 F) for 15 seconds can be used to avoid
fuel rod damage due to the damage mechanisms reviewed. This c r i -
terion would be met for the plant transients analyzed. Additional
analysis of fuel rod bow during transients and post-DNB heat transfer
is desirable. Depending on plant-specific design characteristics,
the benefits from a post-DNB fuel design l imit could range from
improvements in plant availabil i ty to a 5% increase in output worth
about $12 million per reactor-year.

INTRODUCTION

Acceptable fuel performance for pressurized water reactors (PWRs) during
normal operation and anticipated transients is obtained primarily through the
use of design bases. Design bases include limits on parameters such as cladding
stress, cladding strain, and fission gas pressure. Additional protection
against fuel damage during some transients is provided by means of fuel design
limits (FDLs).

Two present FDLs are: (1) there shall be at least a 95% probability
at the 9b% confidence level that DNB does not occur on the fuel rod with
the minimum DNBR and (2) there shall be no significant fuel melting. New,
less restrictive FDLs can result in improved plant performance. The new FDLs
must still protect the fuel from damage during transients. Also, any
increases in fuel duty during steady-state operation which result from the
improved performance must still meet steady-state performance objectives and
design bases.
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Before proceeding, it is necessary to define fuel rod damage and failure
and to identify the type of transient to which each is applied. Damage is
any change in fuel rod material properties or geometry which would adversely
affect the intended fuel performance. Failure is a form of damage involving
a breach of the cladding. Fuel rod damage criteria are determined and
corresponding FDLs are used in the analysis of Condition I and II transients.
These transients include normal-operation transients and transients expected
to occur once per reactor-year. For these transients fuel rod damage is avoided
in order to minimize reactor outages and avoid replacement fuel costs. Fuel
rod failure criteria are used in the analysis of Condition III and IV transientss
which include transients expected to occur once per reactor-lifetime and
postulated accidents which are not likely to occur. For these transients,
the extent of fuel rod failure must be predicted in order to demonstrate that
radiological release limits are not violated and that a coolable core geometry
is maintained.

The improvement of both damage and failure criteria is expected to be
beneficial to reactor owners. However, this paper addresses the
improvement of damage criteria only. It summarizes a research project
[1] on the feasibility of improving PWR performance through the development
and implementation of post-DNB damage criteria and associated FDLs. Summarized
below are the experimental data review, transient analysis, estimate of expected
benefits, and aspects of possible future research.

EXPERIMENTAL DATA REVIEW

The purpose of the data review was to identify data applicable to short-
term post-DNB operation, to specify damage criteria where appropriate, and to
determine the need for additional data. Potential damage mechanisms for
short ( -15 seconds) periods of post-DNB operation were identified and the
corresponding experimental data were reviewed.

Data on cladding annealing [2] indicate that large changes in yield
strength can be avoided by l imiting cladding temperatures to less than 870°K
(lllCrF) and by limiting the period of post-DNB operation to less than 15 seconds.
This observation is based on interpolation between data for rapid quenches
and data for 1-minute anneals.

Damage thresholds for permanent cladding strain were found to be less
restrictive than the 870 K/15-s annealing damage threshold. Similarly,
cladding oxidation during an 870°K/15-s temperature excursion would be
insignificant. I t appears that pellet-cladding interaction (PCI) is not
enhanced during such short-term post-DNB operation. However, the suscep-
t i b i l i t y to PCI during normal operation subsequent to a post-DNB transient
and during multiple occurrences needs further investigation.

Available data on fuel rod bow is not directly applicable to the short
post-DNB transients of interest. Therefore, development of an analytical
model would be useful for predicting the extent of fuel rod bow during
transients and for selecting an appropriate damage criterion. Other data
indicate that DNB propagation is not expected to occur i f the extent of fuel
rod bow is limited [3] .
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Fission gas released during the transients analyzed did not have a
large effect on fuel rod behavior for a burnup of 17 MWd/kg. Similar results
are expected for higher burnups (<35 MWd/kg) typical of annual fuel cycles.

The Groeneveld 5.9 heat transfer correlation, as modified by Plummer
[4] appears to be the best available method for predicting film boiling
heat transfer coefficients. However, additional experiments are needed to
verify that this correlation can be used for predicting heat transfer in
a fuel rod bundle at the high-pressure, low-quality coolant conditions of
interest.

TRANSIENT ANALYSIS

Analyses of selected transients were performed in order to quantify
the maximum benefit from a post-DNB FDL. This was accomplished by increasing
the reactor core power to 105% of full power, until the peak cladding
temperature just met the proposed 870°K criterion. The 5% increase in core
power then represents the maximum benefit that could be obtained. However, as
indicated in the next section, i t is probable that most reactors would be
able to realize only a portion of this maximum benefit.

Six plant transients were analyzed. The input data and initial conditions
are considered to be typical for PWR safety analyses, not specific for
any particular reactor. The initial conditions for 100% of full power
were selected so that the minimum DNB ratio (DNBR) during the transient was
equal to the present 95/95 DNBR FDL. The core power was then increased by
5%, causing the minimum DNBR during the transient to be less than the 95/95
DNBR. It was assumed that reactor protection system setpoints remained
unchanged and that post-DNB operation began when the predicted DNBR equaled
the 95/95 DNBR. As a result, movement of shutdown control rods was initiated
prior to the onset of post-DNB operation. This i s the main reason why the
duration of post-DNB operation was short.

The transients analyzed were Loss of Flow (LOF), Excess Load (EL),
Excess Load with Delayed Shutdown (ELDS), Control Rod Drop (CRD), Low-
Power Control Rod Withdrawal (LPCRW), and High-Power Control Rod Withdrawal
(HPCRW). The peak fuel rod power vs. time for these transients are shown
in Figure 1. The core-wide coolant behavior was predicted with the COBRA-IV-I
codes fuel rod temperatures were predicted with Combustion Engineering's STRIKIN-II
code, and the hot spot fuel pellet and cladding deformation were predicted with
Combustion Engineering's FATES-4 code.

Results of the transient analyses are summarized in Table 1. All transients
met the proposed 870°K/15-s damage criterion for the assumed 5% increase in
core power. However, i t is not possible to select a particular transient which
would always be the most limiting with respect to cladding temperature. The
permanent cladding strain was most significant for the LPCRW and HPCRW transients
which are characterized by large increases in core power. The predicted permanent
strain for the HPCRW transient resulted in an increase in subsequent steady-state
fuel temperatures of 55K. The additional fission gas released from the fuel
pellets during the transients did not have a significant effect on the
cladding behavior since the cladding stress did not increase noticeably.
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IMPLEMENTATION OF BENEFITS

The above t r ans i en t analysis indicated tha t the maximum benef i t which
could be gained from a post-DNB FDL is a 5% increase in core power. This
maximum benefi t can be obtained only when the plant i s l imited by the present
DNBR FDL and only when other design cons idera t ions , such as steam turbine
capaci ty , feedwater valve capaci ty , or the fuel temperature FDL do not l imi t
core thermal output .

A survey of nine reactors was performed to est imate the benef i t which
could ac tua l ly be rea l ized . The decision logic used in t h i s survey i s shown
in Figure 2. Most benefi ts are obtained when the p lant i s l imited by the DNB
FDL thermal margin requirements. When not l imited by DNB margin (usual ly for
the LOF transient), a v a i l a b i l i t y can be improved by delaying reac tor shutdown
during fas t se l f - recovering t r ans i en t s such as the gr id underfrequency event .
For t h i s t r a n s i e n t , the benefi t would be rea l ized when a grid underfrequency
t r ans i en t occurs and the reac tor does not shutdown automatically due to the
temporarily-decreased reactor coolant flow r a t e .

When a plant is l imited by DNB thermal margin requirements, the benefi ts
could include increased core average power. The increased core power can
be obtained only when t r ans i en t s (such as LOCA) do not l imi t core power through
the fuel temperature or l i nea r heat r a t e (LHR) FDL. Also, the core power can
be increased only when the p lant i s not l imited by the 3800 MWt legal l imi t
or the capacity of the balance-of-plant ( e . g . , feedwater valve capaci ty ,
turbine capaci ty , condenser capac i ty ) .

I f the full-power LHR cannot be increased and the balance-of-plant does
not l imi t p lant capaci ty , the thermal eff iciency and e l e c t r i c a l output can be
improved by increasing primary-side coolant temperatures and secondary-side
steam pressure . I f the balance-of-plant l imi t s output , the benefi ts could
include recovery from a derated power condition re su l t ing from safety concerns
such as fuel rod bow. These benef i t s can be implemented only a f t e r i t i s shown
tha t design bases and steady s t a t e performance object ives are not compromised.

The nine-plant survey has shown t h a t three are not l imited by DNB thermal
margin requirements. These p lants could benef i t from a post-DNB FDL by decreasing
the low coolant-flow se tpoin t for reac tor shutdown. This would improve the
p l a n t s ' a b i l i t y to endure a gr id underfrequency t r ans i en t without reac tor
shutdown. Thus, the p robabi l i ty of a widespread e l e c t r i c a l blackout during
t h i s event would be decreased.

The benefi ts of a post-DNB FDL for the s i x p lants which are l imited by
DNB margin requirements are economically more a t t r a c t i v e . For these p l an t s ,
the DNB margin could be improved by about 5%. However, for two of these
plants the LHR could be increased by only 1% to 3% without exceeding the LHR
l imi t from LOCA analyses . The benef i ts from the improvement in DNB thermal
margin predic t ions could include increased core power, improved thermal
ef f ic iency , and improved a v a i l a b i l i t y .

A 1% improvement in DNB thermal margin used to increase core power 1%
would r e s u l t in addit ional e l e c t r i c a l output worth about $2.5 mill ion
per reac tor -year . This approximation i s based on a 1000 MWe reac tor operating
with a 70* a v a i l a b i l i t y fac tor and on a 4tf/kW-h cost of e l e c t r i c i t y . The U
DNB margin could also be used to increase the p lan t thermal eff ic iency by about
0.1%, resu l t ing in $250,000 worth of addit ional e l e c t r i c a l output per
reac tor -year . For a 5% improvement in DNB thermal margin, these benef i ts
would be increased propor t ional ly .
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This survey has indicated that benefi ts of a post-DNB FDL f o r PWRs
could range from increased plant a v a i l a b i l i t y during g>id underfrequency
events to a 5% increase in e lec t r i ca l output worth about $12 m i l l i o n per
reactor-year. A more extensive survey is required in order to determine
industry-wide benef i ts .

FUTURE RESEARCH

This study has shown that addit ional research is required to complete
development of the proposed post-DNB FDL. This research program should
include:

- an industry-wide survey of the benefits expected from a post-DNB FDL,
- addi t ional post-DNB heat t ransfer data fo r fuel rod bundles at high-pressure*

low-qual i ty coolant condit ions,
- model development to determine circumferent ial cladding temperature

d is t r ibu t ions and the extent of fuel rod bow during t rans ients , and
- addi t ional test data on cladding annealing to confirm the proposed

870°K/15-second damage c r i t e r i o n .

I t i s believed that the new data can be obtained from out -o f - reactor
tes ts . However, as the research program proceeds, confirmatory in-reactor
tests may b° required.

CONCLUSIONS

Based on a review of experimental data, i t appears tha t use of a maximum
cladding temperature c r i t e r i on of 870 K fo r less than 15 seconds would avoid
fuel rod damage due to the damage mechanisms reviewed.

Benefits from a post-DNB FDL are expected to range from improved p lant
a v a i l a b i l i t y to a 5% increase in reactor thermal power. However,
the actual benefits real ized depend en p lan t -spec i f i c character is t ic : . .

A future research program is required to complete the development
of a post-DNB FDL.
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Table I

T R A N S I E N T A N A L Y S I S R E S U L T S

TRANSIENT

LOF

EL

ELDS

CRD

LPCRW

HPCRW

DURATION
OF DNB(S)

4

7

0

4

7

15

MAX. CLADDING
TEMPERATURE

870

844

600

800

855

870

PERMANENT
CLADDING
STRAIN (%)

•

0.07

0
*

0.2

0.3

TRANSIENT
FISSION GAS
RELEASE (%)

0

1

3

0

2

4

i

- J

'THIS CALCULATION WAS NOT PERFORMED BECAUSE THE CORE POWER EXCURSIONS WERE VERY
SHORT (See Figure 1).
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Figure 2
DECISSON LOGIC FOR ASSESSING THE BENEFIT

FROM A POST-DNB FUEL DESIGN LIMIT
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ABSTRACT

A two-dimensional finite-element based code for the transient
analysis of fuel rods is under development. The objective of
this code is to provide realistic and licensing analysis
capabilities for the fuel behavior under design basis events.
'The code makes use of state of the art computational thermo-
mechanics, physical and material models. The geometric models
which can be utilized are r-z single-rod axisymmetric model
and an r-0 plane configuration. Although the code is intended
to interface with transient thermo-hydraulics codes, it includes
an enthalpy rise model for a single flow channel that permits
it to be a stand-alone code. The major capabilities of the
code are described including the analysis of a transient experi-
ment. Comparisons with the experimental measurements are shown.

1. INTRODUCTION
The state of development of modeling and analysis of LWR fuel behavior

during transients has shown increasing sophistication in recent years. Much of
the early work dealt with predominantly thermo-hydraulics codes in which fuel
rod behavior was represented by simple strength-of-materials subroutines. More
detailed thermo-mechanical modeling of fuel rods remained confined to steady-
state fuel performance codes, until relatively recently when "transient codes"
began to emerge. The best known, and perhaps the most complete, of these
codes are FRAPT [l] and SSYST [2] which deal with safety as well as operational
type transients. Others that should be mentioned are: VERDON [3], CRATER [k],
HOTROD [5], COMETHE [6];> GAPCON-THERMAL-3 [7], CUPIDON [8], URANUS-STATISTIC
[9], and FAXMOD [lO]. These codes vary in capabilities from simple one-dimen-
sional correlation type codes [6] to fully two-dimensional predictive models [10],

The physical and computational problems involved can be divided into two
interdependent areas: Thermo-hydraulics and thermo-mechanical analyses; the
former provides time histories and boundary conditions to the latter. Although
feedback interaction is possible between the two types of analyses, it has not
generally been applied. However, the need for a stronger coupling between the
two types of codes, in some circumstances, is well recognized.

Most of the fuel rod transient codes currently in use or under development
are one-dimensional correlation type or pseudo two-dimensional codes. They rely
heavily on adjustable parameters and are economical to run. By contrast,
predictive codes are long running complex multi-dimensional models. Although
they utilize the same material data base as their one-dimensional counterparts,
they contain many fewer adjustable parameters. In this paper we describe a two-
dimensional thermo-mechanical transient predictive code, given the acronym PREY
(Fuel Rod Evaluation Sy_stem). The code is developed as a single rod r~z model
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with r-0 plane capabilities and is intended to interface with transient
thermo-hydraulics codes. The code has not yet been completed; however, some
of its important capabilities are discussed and demonstrated using a TREAT
transient experiment [ll].

2. GEOMETRIC MODELING
The finite element method is utilized in two dimensions with r-z or r-0

geometric representations. Within the framework of the finite element method
the fuel rod geometric domains are treated as continua represented by isopara-
metric elements. Fig. 1, shows the five geometric domains of the fuel rod,
namely, clad-coolant boundary interface, zircaloy cladding, fuel,gap and plenum.
The clad-coolant boundary interface couples the fuel rod to the surrounding
thermal environment which can be mathematically represented by user specified
time-dependent thermal boundary conditions. Alternatively, the FREY Code divides
this domain into finite element control volumes, shown in Fig. 1, where mass and
energy conservation equations and the equation of state are solved for coolant
density, velocity, temperature, and pressure. From these the clad to coolant
heat transfer coefficients are calculated using appropriate heat transfer cor-
relations. Both of these schemes allow the overall problem to be treated as a
time-dependent boundary value problem dealing only with a single rod. In an
r-z geometry, this type of treatment ignores multirod interaction and limits
flow blockage calculations to symmetric flow channel constriction only. However,
this limitation can be removed by considering an r-0 hot-plane model which, when
stacked axially, could simulate three-dimensional effects.

The zircaloy cladding is represented by 8-node isoparametric elements with
either straight or curved boundaries as shown in Fig. 1 for r-z or r-6 geometries
respectively. Second order polynomials are used as trial functions for the
dependent variables, namely, temperature and displacements. By an appropriate
formulation of the element matrices, init:pl manufacturing flaws and incipient
cracks resulting from prior operation can ~.i modeled explicitly.

Geometric modeling of the fuel domain is similar to the cladding, namely,
through the utilization of the 8-node isoparametric elements as shown in Fig. 1.
It might be of interest to point out that pellet eccentricities, which can exist
initially or develop during operation, can be easily included as shown in the
figure. Also, dished pellets can be conveniently modeled by allowing the element
boundaries to be curved. Although the capabilities for modeling the pellets
individually exist in the code, the resulting grid would require higher computer
cost than can be justified by the value of the added details. Experience indicates
that reasonable accuracy can be obtained by smearing the fuel column and represen-
ting it with a continuous uniform grid, as shown in Fig. 1.

The void regions in the fuel rod, namely, pellet-clad gap, plenum, pellet
dishes and pellet-pellet interfaces are modeled using special 2-and 4-node elements
with appropriate thermal and mechanical properties to account for spatially varying
conductances, gas volumes, gap width, pellet-clad interaction and plenum heat
transfer.

3. MATERIAL AND PHYSICAL MODELING
The fuel rod's main material constituents are the coolant in the flow channel,

the zircaloy cladding and oxide, the fuel UOp ceramic and the internal gas mixture.
The relevant physical and constitutive models for each of these materials are dis-
cussed below.

3.1 Clad-Coolant Heat Transfer Conditions and Coolant Enthalpy Model
The application of the FREY Code can be through user specified thermal boun-

dary and coolant conditions or by interfacing with transient thermo-hydraulics
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codes such as RELAP or RETRAN [12]. In the absence of such input* however,
the code utilizes an enthalpy rise model which subdivides the coolant channel
into one-dimensional control volumes that correspond to the exterior clad nodal
points. Mass and energy are conserved for each time step. User supplied
conditions of mass flow rate, temperature and pressure at the lower plenum are
utilized in an explicit spatial integration scheme inarching up the flow channel.
The model assumes the mass flow rate to be linear with elevation. The continuity
and energy equations are first used to calculate density, velocity and internal
energy, and then the equation of state routines are used iteratively to calculate
coolant temperature and pressure from the internal energy and the density.

The heat transfer coefficient at the outer clad surface is calculated for
each surface element from built-in heat transfer correlations, coolant temper-
ature and coolant physical and flow properties. These are supplied through user
input either partially, as in the case of enthalpy model calculations, or totally
as in the case of interface coupling with transient thenno-hydraulies codes. The
built-in heat transfer correlations are taken from RETRAN and include: Forced
convection to liquid (Dittus-Boelter); Fully developed surface boiling (Thorn);
Forced convection vaporization (Schrock-Grossman); Forced convection transition
boiling (McDonough, Milich, King); Pool stable film boiling (Berenson); and
Forced convection to superheated vapor (Dittus-Boelter).

3.2 Gas Pressure Model
The initial conditions for the gas composition, inventory and initial pressure

is specified as input generally determined from a steady-state code. A model for
the gas release during the transient will be included in a later version of the code.

Calculation of the gas pressure during the transient requires knowledge of
the axia? temperature distribution and plenum temperature and volume, which poses
no particular problems in single-rod models. However, in r-6 plane models an em-
pirical correlation between the axial temperature distribution and the hot plane
baing analyzed is to be supplied by the user. Alternatively, stacked r-0 planes
can be used to simulate full length effects including the axial temperature profile.
At present, gas pressure is calculated using the ideal gas law; this will ultimately
be replaced by a transient gas flow model [13].

3.3 Gap Thermo-Mechanical Model
The initial value for the gap conductance is calculated based on initial

conditions, namely, power, burnup, gas inventory and gap size determined from an
emperical pellet relocation model. The gap conductance initially and during the
transient is calculated from the Ross and Stoute model considering conductance
across gas layer, radiation and pellet-clad contact.

3.^ Fuel and Clad Constitutive and Physical Models
The material properties package MATPRO [lU] is fully utilized for the fuel

and clad thermal and mechanical properties. These properties are used in a theo-
retical framework described in detail in references [15] and [l6].

The constitutive formulation for the cladding is based on non-linear kine-
matic hardening plasticity theory with temperature and strain-rate dependent stress-
strain curve and yield function. The creep effects are embedded in this theory
implicitly making use of the strain-rate-stress equations of MATPRO material sub-
program. This combined elastic, plastic and creep formulation produces incremental
stress-strain relations which are then utilized in a tangent stiffness time-stepping
iterative procedure.

Effects of clad oxidation on the outer surface are accounted for through
material property changes and reformulation of the constitutive relations at the
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appropriate integration points. The evolution of the oxide layer is eveluated
from the Cathcart and Baker-Just models for best-estimate and licensing analyses
respectively.

Reference [15] gives a fairly detailed derivation of the fuel constitutive
relations whose main features are: Fuel cracking in the three orthogonal direc-
tions as a time-dependent process, crack healing, dilational inelasticity, swel-
ling and densification. At the start of the transient, the pellet configuration
is defined by the steady-state initialization option of the FREY Code as smeared
relocated pellet. Initial cracks can be introduced either as distinct cracks
modeled in the finite element grid or by allowing them to evolve in the analysis.
The use of distinct crack modeling in the finite element grid involves much
greater details than generally desired in production transient analyses and is
recommended only for investigating special effects.

3.5 Fuel and Clad Deformation Model
Large strain formulation in an up-dated Lagrangean frame of reference is

adopted as a basis for the clad deformation model. However, small strain theory
is retained for the fuel since pellet deformations are expected to remain small.
Although small strain theory is adequate for strains up to 10%, which covers many
of the design basis transients, loss of coolant events could cause clad ballooning
and rupture at much higher strains, hence the need for extending the strain-dis-
placement formulation to large strains.

The choice of strain theory influences the material constitutive formulation
and the numerical behavior of the solution very strongly. Since the material
properties data is defined in terms of true stresses and true strains, the con-
stitutive relations are cast in the same quantities. This requires repetitive
application of coordinate transformations between the Cauchy/Euler and the Kirch-
hoff/Green stress/strain reference frames. Because of the high cost of these
calculations, it is advisable to use the large strain theory only on an as-needed
basis such as for predicting ballooning and flow blockage.

3.6 Clad Rupture Criterion
The state of the art in this area allows conservative analyses to be performed.

Presently available data from MATPRO and other sources define clad failure in terms
of burst stress and rupture strain averaged across the clad thickness. It should
be mentioned, however, that since failure is a local mechanism, it woild not be
rigorous to use these limits as local variables in a failure theory. The FREY
Code has the capability to simulate this local mechanism in great detail and can,
therefore, be used to extract necessary material variables by detailed analyses of
failure specimens.

U. COMPARISON WITH EXPERIMENT
Experimental measurements of temperature, pressure and displacements for a

transient test in TREAT were reported by Lorenz, et.al., [llj. FREY analysis was
carried out for Rod L of the rod cluster using as input the same experimental
input conditions, namely, rod dimensions, steam flow rate, external pressure,
initial gas volume, axial power profile and power history. The small mass flux
for this experiment fell in the range of the Berenson Correlation which gave a
small (..01) heat transfer coefficient. The finite element grid for the 27 inch
rod is shown, not to scaleT in Fig. 1-a. The calculated temperature and internal
pressure is shown in Figs. 2 and 3 respectively, compared with experimental meas-
urements. At the time these calculations were made the clad failure model had not
been implemented in FREY, Fig. k shows the experimental swelling profile, obtained
by micrometer measurements and the calculated maximum diametral swelling. The
calculated value is lower than the measured value; however, the micrometer meas-
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urements are influenced by the post rupture clad tearing in the vicinity of the
crack. It is significant to note that the location of the predicted maximum
strain falls within one inch of the actual failure position. Although these
comparisons are encouraging it should fee pointed out that the FREY Code is still
in its initial stages of development with further improvements expected. A
more extensive assessment effort will add to the understanding of the strength and
limitations of the FREY Code.
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A TURBINE MODEL FOR PLANT TRANSIENT ANALYSIS*

R. F. Farman
Energy Incorporated, P.O. Box 736, Idaho Falls, ID 83401

Abstract. A method for calculating the thermal performance of steam turbines
during power plant secondary system transients Is described. The steam
turbine incorporated into the RETRAN computer code permits closed loop
modeling of secondary systems for operational transient analysis.

A logical consequence of the evolution of analysis of power plant systen
behavior is a trend toward more complete modeling descriptions. Until now,
the plant steam-water cycle behavior has been described by means of arbitrary
or estimated boundary conditions imposed on the secondary side of the steam
generator. To analyze transients involving perturbations in the operation of
the secondary system in more detail, system modeling must be expanded to
include more of the secondary system components. In fact, description of all
the secondary components to the extent of producing closed loop behavior in
the system is desirable. To do this, it is necessary to incorporate a model
of the steam turbine into the secondary loop. The model described in this
paper has been incorporated into the RETRAN[1] computer code.

A steam turbine is a device that converts the thermal energy contained in
steam to mechanical work. Although there are fundamentally two kinds of
turbine design (Impulse and reaction), the thermodynamics of the internal
process involve the expansion of steam from high pressure to low pressure and
the extraction of work from a rotating shaft by momentum transfer between the
steam and blades or impellers attached to the shaft. Details of this process
are amply described in a number of standard texts on thermodynamics.
Reference 2 contains a particularly complete discussion of the subject.

In principle, the thermodynamics and mechanics of turbine behavior can be
described completely in terms of mass, energy, and momentum transfer. It is
tempting to suggest that an appropriate modeling approach should proceed from
the differential equations which describe these processes, with the inclusion
of appropriate constitutive relationships to account for the important
features of a turbine.

Examination of the actual configuration of steam turbines, the internal flow
paths, and the nature of the irreversible losses generated therein quickly
leads to the conclusion that such an approach, based on first principles,
would be extremely difficult to describe with acceptable accuracy except
possibly at steady-state design operating conditions. The model in question,
however, requires a reasonable description of operating behavior over a wide
range of loads, steam flows, pressures (inlet and outlet), and speeds.

A summary of the losses that can be identified in connection with a simple
impulse stage follows*

*This research is supported by the Electric Power Research Institute.
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(1) Stage losses (nozzle and blade)
(2) Moisture
(3) Nozzle end loss
(4) Exhaust loss
(5) Leakage
(6) Windage.

A detailed definition of the significance of each of these is provided in
Reference 2. Based on data presented in this reference, the stage lors
appears to be the major influence to the overall efficiency (on the order of
90% of the total). Fortuitously, the stage loss contribution is better
characterized analytically than most of the other factors listed. A viable
alternative to a completely mechanistic description fortunately exists: the
thermodynamic process path on an enthalpy-entropy plane is used and is the
usual way the characteristics of power cycles are described in the literature
and in textbooks.

The minimum requirements of a turbine model in the context of the RETRAN code
are that it determine flow rate and exhaust state, given load, speed and inlet
conditions. Such information can be obtained from an h-s analysis approach.

The behavior of a turbine on the h-s plane is shown in Figure 1. An ideal,
irreversible turbine would follow an isentropic expansion from the inlet "
pressure at Point 1 to the outlet pressure at Point 2. The actual outlet
conditions shift in the direction of increasing entropy because of the
previously discussed losses.

The actual process line for the turbine is indicated by the dashed line
connecting Points 1 and 2. If the inlet state point, outlet pressure, and
turbine efficiency are known, then the outlet state point can be determined,
solving the relationship,

for 1*21 •

In the context of RETRAN, the thermodynamic boundary conditions will be
supplied by the program's solution of the system thermal and hydraulic
behavior. The pro: lem of describing turbine performance thus becomes one of
determining efficiency of any operating conditions. The accuracy of the model
will thus depend on the accuracy with which efficiency can be determined.

In general, the value of turbine efficiency should be well known at design
operating conditions. It may also be available for some particular off-design
conditions, depending on the detail to which plant heat balances have been
worked out for a given plant of interest. An obvious first approximation
could be based on an assumption that the efficiency is constant for all
conditions. We know, however, that the efficiency tends to degrade for
operating conditions other than design conditions. A reasonable approach to
describing the variation of efficiency with load (and speed) would be to
separate the effect of stage efficiency and moisture losses from the total and
treat the remaining losses as a constant fraction.
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For accounting purposes, loss terms may be simpler to deal with when the
various components that yield an overall efficiency are considered as follows:

n̂_ »• 1 - 4 ^ - 4 —6 .
t ystg *m vrera

An expression for the loss due to moisture is included because this component
is both significant and definable (a loss value of 0.87 percent for each
percent of moisture is suggested in Reference 2). The term 4 r e m represents
the remaining losses for which reasonable functional definition is
unavailable.

Stage efficiency is defined as the fraction of energy available at a given
stage which is delivered to the impeller. The irreversibilities considered
are those due to frictional losses in the nozzle and blades and those due to
non-ideal relative velocities between the steam and blades.

Energy delivered to the blade is determined by the summation of the net
relative steam velocity changes in the direction of blade motion. The most
general case that requires consideration is a stage containing two rows of
moving blades. This construction is commonly encountered in the first stage
of high pressure turbines. Single stages of either the impulse or reaction
variety can simply be treated as a reduced version of this development
provided that the approximate terms accounting for reaction energy have been
included in the development. Figure 2 shows the velocity vector diagrams
which provide a basis for determining stage efficiency. The rate of energy
transfer to the blades is given by

v
and the available energy at the nozzle is P , - m y- . Stage efficiency is
given by

The appropriate summation of relative velocities for the two-row stage, for
n

example, is Z - V + V. + V + V, . These velocitites may be determined by

resolution of the associated vector diagrams indicated in Figure 2. The

2
theoretical velocity at the nozzle is VQ, where V /2gJ « Ah. To account for

reaction energy, a variable, X, representing the fraction of stage energy
transferred by reaction is introduced. The various velocity vectors are
determined as follows:

v± - cnvo (i - x)
9 ? 1/2

V2 " ̂ Vl + 2 V 1 W C ° 8 ^
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- (Vg + W2 - 2V3W cos y)

- (V2 + W2 - 2V5tf cos e)
 1 / 2

V - V, cos « - W

V. - V, cos Y
b J

V - V, COB e - W
c 5

V, » V_ cos n .
a /

Variables not otherwise included in the nomenclature list are as follows:

Cn is the nozzle coefficient such that V, - C Vo.

Cr is the fraction of reaction energy delivered to the moving blade.

Cjj is the bucket velocity coefficient such that V^ » C j ^ .

o, Y» e and r\ are angles indicated in Figure 2.

\ is the fraction of stage energy released in the moving blades via
reaction.

Stage efficiency can be determined from the above relationships provided that
the fraction of reaction energy is defined. Salisbury[l] develops a
relationship between X, stage area ratio, and pressure ratio as follows:

1 + X

AR « L s

K-l -

) K - l

1
K-l

2 C cosa VV
n o

'—) 2
tit / *•• *•

. r >
1/2

where

AR is the stage area ratio (
alade >

^nozzle
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C
K is the specific heat ratio (̂  ) of steam

v
rg is the stage pressure ratio.

Given the turbine design conditions for AR and rg this expression can be
solved transcendentally to obtain X.

According to the above relationship the reaction fraction, X, can be expected
to vary at off-design operation with variations of pressure ratio, r , and the
velocity ratio, W/Vo» For a pure impulse stage X - 0. For symmetrical
reaction staging, i.e., wherein the blade and nozzle velocity triangles are
the same, the design value of X is 0.5. If the remaining variables are
specified, the design values of AR can be inferred from the equation and
invoked in off-design operating conditions to calculate the existing value of
X. This logic is incorporated into the model; that is, the design value of X
in the reaction stages is assumed to be 0.5 and the corresponding distribution
of AR is computed from the input design values of the remaining variables.

The above development yields a description of turbine efficiency that allows
for variation according to operating conditions. As previously indicated,
specification of an operating efficiency will permit determination of the
turbine outlet state conditions.

Since the stage efficiency as developed in the foregoing discussion applies
across the individual stages, some lumping of parameters is necessary in order
to apply it to a larger aggregation ot stages. Application of the model
requires such a consideration. Values for turbine design parameters employed
in the efficiency computation must be selected by the user, accordingly.

The parameters involved are the nozzle angles, blade angles, area ratios, and
pitch diameters. These are turbine design parameters that are specific to
each turbine stage. To specify their value appropriately in the way they are
employed in the model requires that they be "representative" of the set of
values contained within each stage group.

For completeness, provisions have been made for determining rotor speed for
situations in which it might be variable. Turbine speed can be determined by
a simple angular momentum balance

I I ? " t Ti (VI.5-13)

where TJ are the torques acting upon the rotor. For the purposes of this
model, it is assumed that the components of torque of significance are the
torques produced by the turbine, Tt, and by the generator, T .

The turbine torque is related to the turbine power by T « P/w and can be
computed from the turbine performance. The generator torque represents the
load demand on the power plant and must be supplied to the system model as an
independent variable. RETRAN input modeling is structured to provide the
capability of describing the generator torque by means of a control block.
Definition of torque and speed characteristics, then, is controlled by the
user.
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It should be recognized that while the plant is connected with the external
load, the speed of the turbine will be constrained by the grid frequency, and
the grid frequency will be affected by the output of a particular plant only
in relation to the proportion of the total grid power it represents. In most
situations, a plant is expected to contribute some fraction of the grid load;
therefore internally induced changes in plant load will not significantly
affect the generator speed. Thus it would be reasonable to assume that
turbine speed is constant while the plant remains on external load. However,
if external load is lost, then the transient speed algorithm should be
activated. This can be modeled by supplying a threshold power level for
activation of the transient speed calculation through the control system
model.

Nomenclature For Turbine Model

h - enthalpy
m - flow rate
P - Power
p - pressure
s - entropy
T - Torque
V - steam velocity
W - blade velocity
n - efficiency
4, - fractional loss
w - angular velocity

Subscripts

o - ideal condition at nozzle
act - actual
theo - theoretical
loss - loss
m - moisture
rem - remainder
s - isentropic expansion
stg - stage
t - turbine

REFERENCES
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