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COMMENTS ON REACTOR
SAFETY FROM LEADERS
OF THE MANHATTAN
PROJECT

In 1979, Los Alamos National Laboratory began
interviewing scientists who were part of Project Y,
the Los Alamos effort to produce the first atomic
weapons. The interviews form the basis of the
Laboratory’s Historical Perspective Film Series.

Excerpted here are comments from eight in-
terviews, all apropos of the subject of this is-
sue—reactor safety and the accident at Three
Mile Island. The producer and interviewer for the
films is the Laboratory’s Mario Balibrera.

“No accident is beneficial. Three Mile
Island was a tragedy. I think the report of
the Kemeny Commission has been a very
important contribution in trying to run down
the real reasons for it. . .The equipment
operated better than the people. If they’d left
the plant alone, it appears that the accident
probably never would have happened. . .No

one was hurt and no one got an overdose of
radiation, that is true, but it still was a
tragedy in the sense that the people there had
great psychological difficulties. For the next
10 or 20 years we are going to depend on
nuclear energy in very considerable meas-
ure. . .I think we’ll need the breeder, but not
until after the turn of the century. . .“

Robert F. Bacher, Emeritus Professor of
Physics
California Institute of Technology
Bacher directed the Experimental Physics
Division and, later, the Bomb Physics Division of
Project Y.

“Nuclear power is a necessity for all
industrial countries. Safety, of course, is
tremendously important, and we have to
learn from our mistakes. In fact, I don’t
believe that one can improve safety without
having some minor accidents because they
will tell you what’s wrong, what has to be
improved. The Three Mile Island accident

was very unfortunate, but we can learn a
great deal from it. . .Operators have to be
much better trained. . .The controls have to
be changed. . .Edward Teller has some other
very important suggestions that I think
should be incorporated. . .As for the waste,
there are many ways to dispose of it, and I
am happy that in the last few years, this has
received much more attention than it did
before. . .Sweden has, in fact, adopted a very
reasonable plan. . .“

Hans A. Bethe, John Wendell Anderson
Professor of Physics
Cornell University
Nobel laureate Bethe was head of the Labora-
tory Theoretical Physics Division during the
Manhattan Project.

“I’m not an activist, so in principle I’m not
in favor of movements for anything. I think
public opinion should be expressed through
more knowledgeable channels than or-
ganized movements. On the other hand, I’m
not a proponent of nuclear power. I think
there are very real hazards in large-scale
development of nuclear energy, the greatest
being the matter of proliferation, which may-
be we can’t stop, anyhow, but I think it’s so
important that one should try to slow it
down. I’m not antinuclear, but I’m not in
favor of crash programs or rapid develop-
ment. The hazards are real, and the thing has
to be approached carefully. There are other
hazards. . than proliferation. . .Anything
man makes has failed sometimes. . .There’s
Murphy’s Law, which hasn’t been repealed
yet, as far as I know. The other hazard is
waste disposal; there doesn’t seem to be a
good solution to that yet, so I think there are
several reasons why one should use some
caution, much as we need power. . .“

Edwin M. McMillan, former Director
Lawrence Berkeley Laboratory

Nobel laureate McMillan was a prominent partic-
ipant in planning and recruiting for the Los
Alamos Project.

“I’m astonished that so much atten-
tion—to the point of conflict and mass
demonstrations—has gone on around a few
reactors when there are 30,000 bombs which
nobody seems to want to talk about. ..I find
that a curious disparity. . .Three Mile Island
was sloppily done. . .I hope there are more
severe and sensible licensing and operational
procedures in the future. . .I think there will
be. My own view is that (the reactors) should
be operated on a Federal basis, like air-
ports. . ."

Philip Morrison, Institute Professor
Massachusetts Institute of Technology
Morrison was a group leader in experimental
physics at Los Alamos from 1944 to 1946.

“All I can say about the antinukes is that
I’m flabbergasted because here you have a
technology which has a marvelous (safety)
record compared to any other technology,
whether it’s steam engines, railroads, or
airplanes. . .It’s the safest so far, but the
public imagination has been caught by it.
The remarkable thing is that in spite of the
mistakes made at Three Mile Island, nothing
happened, except that the company lost
millions of dollars and there was a great
show (that was) wonderful for television and
the newspapers. My own feeling is that if
people don’t want nuclear energy, they don’t
have to have it. . .We can shut down the
nuclear plants, and about 10 to 15 years
from now, when we miss them, all will not be
lost: we can buy plants from France, from
Japan, Germany, England. . .It’ll cost us
more but look at the pleasure we’ll have had
in not having nuclear energy. . .“

I. I. Rabi, Emeritus University Professor
Columbia University

Nobel laureate Rabi sewed as a consultant to the
Los Alamos portion of the Manhattan Project.

“One of the major problems of nuclear
power is to get the public to understand the
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situation. My own idea is that we need some
substitute source of power and that nuclear
power is the only one we have at present that
is accessible in a finite time and that one can
do. I’m not enthusiastic about nuclear pow-
er, but on the other hand, I see absolutely
absurd things—people willing to take risks
that are a thousand times as big as the risks
that nuclear power offers and they don’t bat
an eye about it; they are very happy about it.
But if something has to do with radiation,
then everything is unacceptable. . .
Because you don’t smell it, you don’t see it,
you don’t taste it, so it is a bad thing. People
should really be afraid and scared of atomic
bombs, which are in the tens of thousands in
the armament of the United States, Russia,
and in sizeable numbers in many other
countries. Now that is a really terrible dan-
ger for mankind, of major proportions, and
to tell you the truth, to see people being
afraid of a nuclear plant when they have ten
thousand bombs around in all of these
countries. . .It’s a little strange. . .“

Emilio Segre, Emeritus Professor of Physics
University of California, Berkeley
Nobel laureate Segre’ was a group leader at Los
Alamos from 1943 to 1946 and was in charge of

measuring the spontaneous fission of uranium
and plutonium.

“Nuclear energy is not the whole answer
to the energy question, but it’s part of the
answer if the developing world is to develop.
Those who try to tell us that it is too
dangerous don’t know what they are talking
about. They don’t happen to know that the
big regulated reactors have not cost a single
human life. That’s a better safety record than
that of any other energy-producing industry.
We need all of the energy sources if we don’t
want the Arabs to dominate our economy,
and we don’t want to be at the mercy of the
Russians, when, as it easily may happen, the
Russians gain influence and “Finlandize” the
countries around the Persian Gulf. . .“

Edward Teller, Senior Research Fellow
Hoover Institution on War, Revolution and
Peace
Teller has been and is engaged in advanced work
on nuclear weapons and nuclear energy, including
the critical period of the Manhattan Project.

“I’m happy that so many people are
concerned (about the antinuclear move-
ment). Right after the war I joined the group
that set up the Association of Los Alamos
Scientists, that then integrated with the Fed-
eration of American Scientists. Our first
concern was to raise money and then get the
attention of other people about this terrible
nuclear threat. Now, although I’m pleased to
see so many people so passionately in-
terested, I’m a little disheartened at the level
of our concern. They don’t seem to know as
much as I would like them to know and it
seems to me that their criticism is, in many
cases, hysterical and unthinking in terms of
nuclear reactors and nuclear energy, which I
believe we need. . .The dangers of that, com-
pared to other dangers, seems to be em-
phasized out of all proportion. I suppose it
was a good thing that Three Mile Island
happened. . .It was magnified out of all pro-
portion to what actually went on there, but it
showed up psychological problems about the
use of nuclear energy that are very real. . .“

Robert R. Wilson, former Director
Fermi National Accelerator Laboratory

Wilson was group leader in cyclotron reseach at
the Laboratory in 1943.

ON PETER CARRUTHERS
IN OUR LAST ISSUE

I just finished reading the interview of Peter
Carruthers and I am all fired up. I was
strongly moved by Mr. Carruthers’ state-
ments, for that most elementary of rea-
sons—strong agreement. I have experienced
a few of the many situations described by
Mr. Carruthers, but I have not yet left the

Cloistered Academic Halls. Like Carruthers,
I see relatively few alternatives in Academia
for a doer and a shaker, and the private turf
syndrome appears to grow ever more com-
partmentalized year by year.

Nevertheless, I am still fighting the good
fight against the institutionalized inertia, but

as Mr. Carruthers has observed, the only
significant satisfaction comes from the stu-
dents. The only way I have ever achieved
even a modicum of success in changing
Academic Structure, involves that simplest
of strategies—just do it. Propose it. Write it
up. Make a motion. Prepare a new cur-
riculum. Propose a new division. Most peo-
ple, I believe, follow simple physical or
metaphysical laws. They take the path of
least resistance, they minimize their particu-
lar work function, they conserve energy.
Consequently, by expending a little energy,
by doing a little extra work, even Academia
can be changed. I know. I have changed a
little bit of it. The nagging question is—is it
worth the effort? I dream of research and
instead I write memos, or papers, or cur-
riculums, or programs, or standards, or
books. It is tine for the ego, except for the
same nagging doubt. I usually just forget
about that doubt, until I read something like
Mr. Carruthers’ interview, and then I start to
think of focusing electron beams utilizing
unstable interactions stabilized by adaptive
control techniques. Or, I start to devise
systems to locate stolen cars. Or, I just start
to daydream. Please send me an application
to Los Alamos. I’ll put it in my future tile to
await the next nagging doubt.

Prof. Richard Gray Costello, Chairman
Electrical Engineering Dept.
The Cooper Union
New York, NY

Your comments on articles appearing in Los
Alamos Science are welcome. Please address c/o
The Editor, Los Alamos Science, Los Alamos
National Laboratory, Mail Stop 708, Los
Alamos, NM 87545.
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EDITOR’S NOTE

T he risk of a reactor accident leading to a large
radiation release has occupied the attention of safety
analysts and the public for many years, It was also
the risk that was raised during the accident at Three

Mile Island. Several days after the accident began, the public
was informed that a hydrogen bubble inside the reactor vessel
might explode. The explosion never happened and the accident
ended with no major radiation release, but the reactor itself is
severely damaged and, as described in Boudreau’s editorial, its
recovery will be delayed for many years by political and
economic obstacles.

The major damage and greatest danger occurred very early in
the accident; however, this fact was not fully appreciated until
later. At Los Alamos safety analysts watched a replay of the
accident on a television screen, The replay was the product of a
large and complex computer code that had taken several years
to develop. It simulated the internal workings of the reactor
system that had been hidden from the accident participants by
numerous layers of concrete and steel. The severe situation
during the early hours became clear.

During the actual accident, the operators overrode the
automatic safety systems and for over three hours kept the flow
of emergency cooling water to a minimum because they
interpreted the abnormally high pressurizer water level shown
by the control panel to mean that the reactor primary system
was overfilled. Safety analysts saw something quite different on
the computer-simulated replay. The pressurizer water level was
high during this period because of steam in the system. Later,
when the operators turned off the circulation pumps, the steam
separated from the water and the water level in the reactor vessel
fell below the top of the fuel rods. The uncovered rods began to
overheat and soon became so hot that steam oxidized their
protective cladding, This reaction produced large quantities of
noncondensible hydrogen that impeded the flow of coolant for
the remainder of the accident and eventually caused the concern
about a hydrogen explosion. Meanwhile, at about three hours
into the accident, the uncovered and damaged core was on its
way to a meltdown. The meltdown never happened because
some minutes later the operators turned up the flow of
emergency cooling water and reflooded the core. It was a fairly
close call.

In the calm of the aftermath, safety analysts were able to vary
the accident scenario and watch what would have happened if
the operators had allowed the automatic safety systems to

operate as designed. The result would have been a minor
accident that would never have made the five o’clock news.

The reactor designers and safety analysts were reassured by
the final outcome, but the dramatic series of events clearly
demonstrated that the human factor, largely ignored in safety
analysis, can lead to more serious accidents than had been
generally anticipated.

On the positive side, this fact has changed the direction of
reactor safety research. Analysts will now be investigating a
much broader range of problems, including the consequences of
core meltdown and hydrogen production, fission product migra-
tion, and, most important, the interaction of human beings with
a complex technology. Moreover, the successful computer
analyses of the Three Mile Island accident have helped to
convince the skeptics of the predictive capabilities of computer
simulation. Advanced computer codes are no longer relegated to
the domain of research. They are now being applied to very
practical licensing and regulatory problems—the one of most
interest to this editor being the prediction of accident signatures
and the development of detailed instructions for accident
management that, if used well, can reduce the risks from reactor
accidents.

Most of the articles in this issue are objective descriptions of
the technical achievements in code development and application,
but the reader will no doubt detect an implicit pronuclear slant.
Perhaps this is to be expected from the Laboratory that began
the nuclear age and designed some of the very first reactors. The
scientists here live and work around radioactive materials and
reactor systems, and their immediate experience contradicts the
public’s fears. Moreover, their technical knowledge tells them
that risks to the public and the environment from nuclear energy
are much smaller than those from fossil fuels.

However, these technical experts are also acutely aware of the
economic pressures and management realities that divide a
commercial enterprise from a research project. As a govern-
ment-sponsored research group kept at arm’s length from
industry, they retain a relative objectivity that allows them to see
the problems clearly and to suggest technically sound solutions.
Their influence should be welcomed by both the public and the
industry.
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by Michael G* Stevenson and James F* Jackson 

PRIMER on71 

H ow do we know that the emer- 
gency cooling system in a nu- 
clear reactor will work in case 

an accident? Although an automobile 
can be crash-tested to evaluate its safety 
performance, it is not practical to subject 
a full-scale nuclear power plant to severe 
accident conditions. Moreover? there are 
so many accident paths to be considered 
that the costs of full-scale experiments 
for all of them would be prohibitive. 
Therefore, the nuclear power industry 
relies more heavily on theoretical 
analysis of design and safety features 
than does any other high-technology 
industry. 

Before the Three Mile Island accident, 
much of the safety analysis of com- 
mercial reac tors  focused on a 
hypothetical accident involving the rup- 
ture of a large pipe supplying cooling 
water to the reactor core. This de- 
sign-basis loss-of-coolant accident was 



thought to be worse than any event that 
would ever happen. Water and steam 
would be expelled rapidly out the break 
(Fig. 1) and the core would be left 
temporarily uncovered and poorly 
cooled. Reactor designers and their 
critics disagreed as to whether or not the 
emergency core-cooling system would be 
able to inject water into the reactor core 
in time to prevent melting of the core and 
possible release of large quantities of 
radioactive material to the environment. 
To help settle this controversy, the Nu- 
clear Regulatory Commission asked Los 
Alamos to develop a computer code that 
could realistically simulate the response 
of a reactor to this very unlikely event. 
The code, called TRAC, predicted that 
the emergency cooling system would 
reflood the core within two or three 
minutes after the break and that the core 
temperature would remain far below the 
melting point of the fuel. The code 
confirmed results of the less accurate, 
more conservative analysis methods that 
are the basis for reactor licensing. Thus, 
at the time of the Three Mile Island 
accident, most of the nuclear community 
believed that the probability of an acci- 
dent involving core meltdown and major 
radiation release was so low that they 
should never have to deal with one.* 

The events in Harrisburg, Pennsylva- 
nia have changed this perspective. Cer- 
tainly, the careful design of reactor hard- 
ware was successful in preventing an 
astounding series of equipment malfunc- 
tions and misinterpretations by the reac- 
tor operators from developing into a 
serious threat to public safety. But on the 

*Despite their low probability, potential radiation 
releases from accidents involving core damage are 
formali) considered in evaluating proposed sites 
for nuclear power plants. 

Fig. 1. Originally designed as a s m l l  nuclear power plant, the Marviken facility in 
Sweden has been converted to an experimental facility for studying the ejection of 
water from a ruptured p@e in a water-cooled reactor. Water in the reactor vessel is 
heated (with fossil f ueb the  faciliv has no nuclear core) to a temperature and 
pressure typical of an operating reactor. The pipe break is simulated by opening a 
hrge valve at the bottom of the vessel and allowing the steam and water to be ejected 
into the building. Shown here is theflont face of the building during a test. The huge 
jet of steam is being vented through a large pipe (several feet in diameter) installed in 
the side of the building. The scene inside the building must be awesome indeed. D&a 

from these tests are being used in the development of accident-anulysis codes at Los 
Alamos and elsewhere. (Photo courtesy of Studsvik Energiteknik AB.) 
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A PRIMER ON REACTOR SAFETY ANALYSIS 

Fig. 2. An artist3 sketch of the jlrst nuclear reactor comtmcted in I942 in a squash 
corn u n h  h e  west s t a d  cf Stagg Fiehi, Universiv qf chicago. It was m d k j h m  
about 40 tons qf natural uranium and 385 &w ~f graphite. Note the mamaUy 
opemted control md extending fmm the side of the "pile" and the large neutron 
&&ctors located at the upper piwt of the pant face. l%e st$e@ ,system for this @st 
atom& pik were espe&Uy simple. In addition to two sets tf control d, there was a 
md called Zip that operated by graviw thmgh weights and a pulky. In an 
emergemy, or the person holding the rope mllupsed and let go, the md would be 
drawn rapidly baek into the pi&. The back-up v s t m  was a "lkpid-contml&@' of 
three people s t d i n g  on a plag$brm over the pile rea* to jbod it with a 
matron-absorbim salt $ob&n. 

morning of March 28, 1979, several 
haus  after the Three Mile Island acci- 

. dent began, the reactor core was less 
than an hour away from meltdown. 
Melting of the fuel would not necessarily 
have resulted in a major radiation ex- 
posure of the public. However, the con- 
sequences of a possible meltdown are 
now being considered much more seri- 
ously in the licensing process. 

The inquiries following Three Mile 
Island identified management problems 
rather than hardware problems as the 
main reason that a minor mechanical 
failure developed into a rather serious 
accident. The critical areas of operator 
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training and human factors engineering 
had been underemphasized by the nucle- 
ar industry. The Nuclear Regulatory 
Commission had focused most of its 
attention on the licensing process, in 
which detailed safety analysis reports 
submitted by license applicants are re- 
viewed with the help of technical experts 
and sophisticated computational tools. 
But the Cominission was found not so 
well equipped to correct operating defi- 
ciencies in the 70 commercial light-water 
reactors now producing power in this 
country. 

The philosophy guiding the Com- 
mission's work has begun to chmge and 

with it the work done for the Com- 
mission by the national laboratories. 
Accident analysis is still one of the major 
tasks, but its focus has swted to acci- 
dents resulting fiom multiple malfunc- 
tions of plant components. The intent 
now is to simulate not only the auto- 
matic response of the system but also the 
consequences of human intervention. 
Out of such analyses, the Commission 
expects to get ideas for better feedback 
controls, to identify and catalog accident 
signatures so that operators can better 
tell what is going wrong, and to develop 
operator responses that will mitigate the 
consequences of system failures. 

The Commission is also fmding de- 
velopment of new computer codes to 
simulate accidents involving core melting 
and to trace the subsequent path of 
radioactive materials. And the labora- 
tories are analyzing the capabilities of 
the containment systems that must pre- 
vent release of radiation should there 
&er be another serious accident. These 
activities will help implement the lessons 
learned at Three Mile Island. 

Reactor Basics 

Although a modern nuclear power 
plant is a very complex system designed 
to exacting ~ p e ~ c a t i o n s ,  a nuclear re- 
actor, by itself, is a relatively simple 
device. In 1942 Enrico Fermi and his 
colleagues built a crude reactor on the 
first try (Fig. 2). By placing pieces of 
natural uranium in a stack of graphite 
blocks, they achieved a self-sustained 
and cantrolled nuclear f~s ion  chain re- 
action, and thereby demonstrated the 
potential for generating a large amount 
of usable energy. 

The energy-producing process is nu- 
clear fission, in which a nucleus absorbs 
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a neutron and breaks apart into several 
fragments (Fig. 3). This process releases 
millions of times the amount of energy 
released in a typical chemical reaction 
and occurs readily in what are referred 
to as fissile isotopes. (Uranium-235 is the 
only naturally occurring fissile isotope; 
other examples are plutonium-23 9 and 
uranium-23 3.) 

Practical application of fission as an 
energy source rests on another re- 
markable fact. Among the products of 
fission are additional neutrons that can 
themselves initiate fission of other nuclei 
and so begin a chain reaction. Sustaining 
this chain reaction has one basic require- 
ment: a sufficiently large mass of fuel, 
what we call a critical mass. With less 
than this critical mass, too many neu- 
trons escape from the fuel and the chain 
reaction stops. 

Because thermal, or slowly moving, 
neutrons have a much higher probability 
of inducing fission in uranium-235 than 
do fast neutrons, most uranium-fueled 
reactors, including the first one, are 
designed to run on thermal neutrons. To 
slow the fast neutrons produced by the 
fission process to thermal energies, the 
fuel is surrounded by a "moderator" 
containing relatively light nuclei. The 
neutrons lose energy by collisions with 
these light nuclei. (In Fermi's reactor the 
graphite served as a neutron moderator.) 

A single fission reaction typically pro- 
duces two, or sometimes three, neutrons, 
but not all these are available to induce 
new fissions. Some are absorbed without 
inducing fission and some leak out of the 
core. To produce a stable power level in 
a reactor, the neutron population must 
be controlled so that on the average each 
fission causes only one additional fission. 
Gross control is achieved by moving 

MEWTOON 
ABSORPTION FISSION 

0 

Heavy Nucleus 

Lighter Nucleus w 

Fig. 3.  The fission process. A heavy nucleus, such as uranium-235 or plutonium-239 
absorbs a neutron (n) and breaks up into two lighter nuclei, two or sometimes three 
neutrons, and gamma rays. The lighter nuclei are usually radioactive. 

control rods in and out of the core.* 
These control rods contain materials, 
such as boron or cadmium, that readily 
absorb neutrons (without undergoing fis- 
sion) and thereby remove some of the 
neutrons from further participation in an 
ongoing chain reaction. Fail-safe sys- 
tems are provided to insert control rods 
rapidly into the core and halt the chain 
reaction altogether under emergency 
conditions. This process is referred to as 
a reactor scram. 

Further control of a reactor arises 
from negative temperature-feedback ef- 
fects that provide inherent stability. As 
the number of fissions increases, the 
resulting increased core temperature pro- 
duces changes in material properties that 
tend to shut down the chain reaction. 

T h i s  se l f - regula t ion  m a k e s  a 
well-designed reactor quite easy to con- 
trol. 

Most of the energy released by fission 
appears as kinetic energy of the lighter 
nuclei that are formed when the heavy 
nuclei split. These fission products col- 
lide with neighboring fuel nuclei and are 
slowed down within a very short dis- 
tance. Their kinetic energy is converted 
to heat that transfers from the fuel to a 
liquid or gas coolant pumped through 
the reactor core. To prevent the core 
from overheating, the rate of heat trans- 
fer to the coolant must equal the rate of 
energy production in the core. The heat 
in the coolant can then be used to 
produce steam for electric power gener- 
ation. 

*Mechanical control of the neutron population is possible because of the delayed neutrons. For a 
discussion of neutronics, see "Breeder Reactor Safety-Modeling the Impossible" in this issue. 



A PRIMER ON REACTOR SAFETY ANALYSIS 

Commercial Light- Water Reactors 

Fig. 4. Fuel rod and fuel-rod assembly for a pressurized-water reactor. Fuel rods are 
held in a square array by spring clip assemblies and by grid assemblies at the top and 
bottom. The structure is open permitting flow of coolant both horizontally and 
vertically. Control-rod guide tubes are interspersed among the fuel rods. Control-rod 
assemblies are lowered into the guide tubes to absorb neutrons and control the chain 
reaction. A typical core contains about 200 fuel-rod assemblies each containing about 
200 file1 rods. 

The goal of commercial reactor design 
is to build a plant that usually generates 
1000 megawatts, or more, of electric 
power during normal operation and does 
not allow damage to the reactor core 
during all foreseeable circumstances. A 
typical reactor core is relatively small 
and could fit easily on a single railroad 
car. However, it contains enough fuel to 
produce 1000 megawatts electric for 
three years-the energy equivalent of 
100,000 carloads of coal. To extract this 
amount of usable energy from a relative- 
ly small volume, a tremendous quantity 
of high-temperature water must be 
pumped through the core at a very high 
flow rate. In a typical pressurized-water 
reactor, 7500-horsepower pumps in each 
of two or four primary coolant loops 
move the water from the core to 
2 1-meter-high (70-foot) steam gener- 
ators. 

Except for one gas-cooled reactor, all 
commercial nuclear power plants in the 
United States are light-water reactors; 
that is, they use ordinary "light" water to 
cool the core rather than the "heavy" 
water (Dfl) used in some designs. The 
water also serves as a neutron mod- 
erator. Commercial light-water reactors 
are fueled with enriched uranium that 
contains 3% by weight of the fissile 
isotope uranium-235 as opposed to the 
0.71% found in natural ores. The fuel is 
in the form of small ceramic pellets of 
uranium dioxide. To make a fuel rod, the 
fuel pellets are sealed in tubes about 4 
meters (12 feet) long and not much wider 
than the diameter of a pencil. This 
protective cladding is fabricated from a 
special zirconium alloy (Zircaloy). 
About 40,000 fuel rods, held rigidly in 
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place with special structures, make up 
the core of a light-water reactor. Ex- 
amples of a fuel rod and a fuel-rod 
assembly are shown in Fig. 4. 

Figure 5 shows a typical pressur- 
ized-water reactor, the most common 
type of light-water reactor. They are 
manufactured in the United States by 
Westinghouse Electric Corporation,' 
Combustion Engineering, Inc., and Bab- 
cock & Wilcox. The diagram shows both 
the primary coolant loop, which trans- 
fers heat from the core to the steam 

generators, and the secondary coolant 
loop, which transports steam from the 
steam generators to drive the tur- 
bine-generators that produce electricity. 

To preclude boiling and thereby main- 
tain a high rate of heat transfer from the 
fuel rods to the coolant, the primary 
coolant water is pressurized to about 
150 bars.* [The reactor vessel is fabrir 
cated from 25-centimeter-thick (10-inch) 
steel to withstand this high internal 

*I bar = 10' pascals g I atmosphere. 

pressure.] The coolant is pumped down 
through an annular region surrounding 
the core (the downcomer) and up 
through the core where it is heated to 
about 590 kelvin (about 600Â Fahren- 
heit). The heated water exits from the 
reactor vessel and flows through large 
steam generators where heat is trans- 
ferred to water in the secondary loop. 
This water is at a lower pressure and 
rapidly boils. The steam then drives a 
turbine just as it does in any conven- 
tional power plant. 

Fig. 5. A pressurized-water reactor showing a primary loop, a 7500-horsepower centrifugal pumps through a 12-meter-high 
secondary loop, and the three subsystems (labeled 1,2,  and 3) (40foot) reactor vessel to 21 -meter-high (70-foot) steam 
of the emergency core-cooling system. In  the primary system, generators. 
water under high pressure (about 150 bars) is pumped by 
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Fig. 6. Control room tf a commercial nuclear power plant, A myriad of lights, dials, 
a d  switches monitors ami controls all the complex systems within the plant. (Photo 
courtesy of Florida Power & Light Company.) 

Figure 5 also shows a typical emer- 
gency core-cooling system, which re- 
places water in the event of a leak in a 
primary coolant loop. Three separate 
subsystems are available depending on 
the pressure loss resulting from the leak. 
If the system pressure drops from the 
normal 150 bars to about 130 bars, a set 
of high-pressure pumps automatically 
inject water. (These pumps activated 
automatically during the early stages of 
the Three Mile Island accident but the 
operators turned them off because they 
misinterpreted what was occurring.) A 
further drop in pressure to about 40 bars 

(14 bars for Combustion Engineering 
plants) will cause the accumulator check 
valves to open automatically, allowing 
water from these large pressurized tanks 
to flow into the reactor vessel. Finally, at 
a pressure of about 14 bars, 
high-capacity, low-pressure pumps are 
activated that can supply large volumes 
of water. These pumps can ultimately 
obtain their water supply from a sump in 
the bottom of the reactor containment 
building where water would collect from 
any massive leaks. 

During normal operation, the system 
pressure is regulated by the pressurizer, 

Â¥Repor of the President's Commission on the Accident at Three Mile Island, The Need for Change: The 
Legacy of TMI (U. S. Government Printing Office, Washington, B.C., 1979),p. 11. 

a large tank partly filled with water and 
connected to the primary system. To 
control the system pressure, steam in the 
upper part of this tank is heated with 
electric coils or condensed with 
cold-water sprays. The pilot-operated re- 
lief valve at the top of the pressurizer 
was the valve that stuck open and al- 
lowed a large amount of coolant to 
escape during the Three Mile Island 
accident. 

The cooling, control, and in-depth 
safety systems, together with the bal- 
ance-of-plant components, make a mod- 
ern nuclear power plant a large and 
awesome construction. A plant has hun- 
dreds of valves, pumps, piping circuits, 
and instruments. The large control 
rooms are equipped with hundreds of 
instrument readout devices and system 
control switches (Fig. 6). It is believed 
that this complexity was a contributing 
factor to the diEculty the reactor opera- 
tors had in quickly diagnosing the acci- 
dent at Three Mile Island* 

The other type of commercial 
light-water reactor, the boiling-water re- 
actor, is manufactured by General Elec- 
tric Co. Rather than primary and secon- 
dary cooling loops, this reactor has one 
loop connecting the core to the tur- 
bine-generator. The cooling water is 
maintained at a low enough pressure 
(about 70 bars) to allow boiling in the 
reactor core. The steam is then piped 
directly to the turbine. Boiling-water 
reactors are also equipped with emer- 
gency core-cooling systems. 

There are fewer boiling-water reactors 
than pressurized-water reactors in com- 
mercial operation. Because Los Alamos 
has not done extensive safety analysis of 
boiling-water reactors, they will not be 
discussed further. 
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Two Trouble Spots- 
Fission Products and Decay Heat 

Two of the most troublesome aspects 
of a reactor arise from the fact that the 
fission products are radioactive. First, of 
course, these radioactive materials must 
be isolated from the biosphere. Second, 
decay of the radioactive fission products 
is a heat source that cannot be turned 
off, even after the fission process has 
been shut down (Fig. 7). In a reactor that 
has been operating for some time, the 
power due to decay heat is a significant 
fraction (about 7%) of the total power. 
After shutdown, decay power decreases 
to about 1% in a few hours, but this 1% 
amounts to about 30 megawatts thermal 
in a large commercial reactor. Thus, to 
prevent damage to the core and possible 
release of radioactive materials, every 
power reactor must have provision for 
removal of decay heat under all fore- 
seeable conditions. 

During normal operation many fis- 
sions occur every second (about lo2' in 
a 1000-megawatt-electric reactor), and a 
spectrum of fission products results. 
Most fission products are neutron rich 
and unstable, and tend to decay by 
emission of beta particles and gamma 
rays. 

The fission products are often charac- 
terized as gases, volatiles, or solids de- 
pending on their boiling temperatures. 
The gaseous products are mostly the 
inert gases xenon and krypton. Several 
isotopes of iodine are also produced and 
are an important potential radiological 
hazard. Some fission products, particu- 
larly noble metals with high boiling 
points, remain solid in the fuel pellets at 
normal operating temperatures and even 
at abnormally high temperatures during 
accident conditions. 

Fig. 7. A log-log plot of decay power as a function of time after reactor scram for the 
Three Mile Island Unit 2 reactor. This curve was calculated by the Laboratory's 
Nuclear Data Group. It depends on the reactor's power history and fuel and 
fission-product inventories and on details of  the decay chains thatfission products and 
transuranics follow as they spontaneously decay to more stable nuclear states. 

Also contributing to the decay power 
and the potential danger posed by a 
reactor are "transuranic~,~' elements 
beyond uranium in the periodic table. 
These are the result of neutron-induced 
reactions other than fission in fuel nuclei. 
The transuranics generally decay by 
emission of alpha particles and accom- 
panying gamma rays. 

Multiple Barriers - 
Design for Safety 

As long as the fission products and 
transuranics remain confined, the impact 
of a reactor on operating personnel, the 
public, and the environment is very 
small. Four distinct barriers (Fig. 8) are 
designed to confine the radioactive mate- 
rials: the ceramic (uranium dioxide) fuel 
pellets, the fuel-rod cladding, the primary 

Fig. 8. The four baniem against release 
of radioactive materiah in a pressw- 
ized-water reactor. 
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except in extreme accident conditions. 
In normal operation, a small amount 

(about 1%) of the gaseous fission prod- 
ucts do leak from the pellets but, under 
most conditions, are confined by the 
second barrier, the Zircaloy cladding 
surrounding the fuel pellets. If the core 
temperature rises during an accident, the 
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in reducing consequences of the Three 
Mile Island accident, during which the 
containment withstood a pressure spike 
of about 2 bars. The pressure spike was 
evidently caused by rapid burning of 
hydrogen produced by oxidation of hot 
zirconium cladding. 

But what is the maximum pressure 
that these strong containments can re- 
sist? To answer this question, Los 
Alamos and Sandia National Labora- 
tories are carrying out a "Structural 
Margins to Failure" research program 
for the Nuclear Regulatory Commission. 
A later article summarizes some of the 
work in this area.* 

Even with the containment intact, ra- 
diation can possibly be released through 
an indirect path. For example, at Three 
Mile Island, primary coolant water lost 
through the open pilot-operated relief 
valve eventually escaped to the contain- 
ment and was pumped to storage tanks 
in an auxiliary building nearby. These 
'tanks overflowed and led to small re- 
leases of gaseous fission products to the 
environment through the exhaust stack. 
To prevent such occurrences, all possible 
release paths and transport mechanisms, 
such as flowing water, must be con- 
sidered. 

Safety Analysis 

The safety analyst's job is to de- 
termine, for any postulated accident, 
whether the maze of barriers stays intact 
and whether radioactive materials stay 
contained. But the maze is complex and 
changing during an accident. The loca- 
tions and sizes of the barrier failures, the 
release paths, and the transport mecha- 
nisms all depend on temperature and 
pressure. The analyst must start from 

V ~ ~ l o c i t n ~ ~  Entertnq 
and Leaving Cell 

Pressure 
Densities 

Fig. 10. Division of a coolant pipe into computational cells. Densities, pressures, and 
temperatures at the center o f  each cell are computed, as well as the velocities of the 
steam-water mixtures entering and leaving each cell. 

the beginning and predict the thermal 
and physical conditions throughout the 
entire accident. 

The analysis usually requires a sophis- 
ticated computer model to simulate the 
energy and material flows throughout 
the system. Such models break down the 
system into many cells-small boxes of 
space-and audit the mass, temperature, 
and velocity of the materials in each cell. 
Figure 10 shows a typical cell structure 
for one component of a light-water reac- 
tor, a pipe. 

The analysis begins with the reactor 
running smoothly at full power. Then 
something is assumed to go wrong-a 
pump fails or a pipe breaks-and the 
computer calculation follows the 
changes in water and steam flow rates 
and in system temperatures and pres- 
sures. Reactor scram and injection of 
emergency cooling water are also sim- 
ulated as they would occur in the acci- 
dent. 

The computer model includes all or a 
large part of the complicated system of 
plant components. The analysis tracks in 
time the system's thermal hydraulics, 
including compressible two-phase 
steam-water flow-an engineering and 
computational problem of considerable 
difficulty .** 

Energy Balance in the Reactor Core 

The equations used in these computer 
codes assume conservation of mass, 
energy, and momentum for all the mate- 
rials in each of the hundreds of cells in a 
typical calculation. Here we will discuss 
energy conservation to illustrate the fac- 
tors influencing the core temperature. 
We start with an extremely simple model 
consisting of but one cell, the core as a 
whole. 

*See "The Structural Integrity of Reactors" in 
this issue. 
**See "Two-Phase Flow" in this issue. 
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Fig. 11. In a two-tÃ‘ representation of the cor .., ~ l a n t j -  ,ving past the nuclearjhel 
is heated at the rate hA(T&, -T&,), where h is the heat-transfer coefficient and A is 
the surface area of thej'kel. 
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Energy released by nuclear processes 
(fission of the fuel and radioactive decay 
of the fission products) is produced in 
the core at a rate Qnuciear* Conservation 
of energy says that this energy either is 
stored in the core at a rate Qcom or heats 
the coolant circulating through the core. 
The energy-conservation equation for 
our one cell model is thus 

where W is the mass flow rate of the 
coolant, cp is the specific heat of the 
coolant, and is the temperature of the 
incoming coolant. The core temperature, 
Tcore, is assumed to be the average 
coolant temperature, that is, 4 (T,, + 
Tyat), where Tout is the temperature of 
the outgoing coolant. (A more complete 
analysis would include the mass- and 
momentum-conservation equations 
needed to determine the coolant flow 
rate W. A more detailed model that 
"closed the loop" through the steam 
generator would provide a value for 
Tin.) 

What can be learned from this simple 
energy-conservation equation? First, to 
maintain the core at a constant tem- 
perature, Qcore, which is proportional to 
drCori./dt, must equal zero. Therefore, the 
nuclear heat production rate must be 
exactly balanced by the rate at which 
heat is removed by the flowing coolant. 
That is, Qnucl-r = 2WcP (Tcore - T,.)* 
Increases in Qnuciear associated with 
some normal operating procedures are 
countered by increasing the flow rate W 
(a usual maneuver) or by decreasing the 
inlet temperature Tin* The latter can be 
accomplished by removing more heat 
from the coolant in the steam generators. 

An increase in Qcore can result from a 



decrease in the heat-removal rate. As a 
bounding example, suppose that all cool- 
ing of the core is suddenly lost while the 
reactor is scrammed, that is, when 
Qnuclear consists only of decay power 
Qdecay Then9 from Eq- 1, Score = Qdecay 

For a typical light-water reactor core at 
decay power levels, we can estimate that 
the core temperature increases at a rate 
of about 0.5 to 1 kelvin (0.9 to 1.8O 
Fahrenheit) per second. At this rate, 
some tens of minutes are required for a 
completely uncooled core to heat to the 
fuel's melting point. 

Assuming now that our model con- 
sists of two cells, fuel and coolant, we 
can illustrate the importance of the con- 
vective heat-transfer rate between them 
(Fig. 11). The rate of this transfer is the 
product of an overall heat-transfer coef- 
ficient h, the fuel surface A, and the 
difference between the average fuel and 
coolant temperatures, TheI - Tcoolanf 
Again, energy balances provide equa- 
tions for Qfuel and Qcooian~ 

and 

Here again, W and Tm can be de- 
termined as indicated for Eq. 1. 

Equation 2 illustrates the significance 
of "burnout" to balancing the rates of 
heating and cooling. (Burnout is the 
traditional term used in the boiler in- 
dustry for situations where heat fluxes 
become so high that a boiler tube dries 
and melts, that is, burns out.) During 
normal operating transients in which 
Qnuciear increases, heat is transferred 

from fuel rods to coolant by the efficient 
processes of turbulent forced convection 
and nucleate boiling. In nucleate boiling, 
small vapor bubbles form rapidly on the 
surface and are swept away by the fast- 
flowing coolant. The heat-transfer coeffi- 
cient is very large for this process, and 
heat fluxes across the cladding-coolant 
interface can be quite high even at low 
temperature differences. If, however, the 
heat flux exceeds a critical value, de- 
parture from nucleate boiling occurs, 
and the cladding surface becomes cov- 
ered mostly by a film of steam. Because 
the heat-transfer coefficient between 
cladding and steam is very small, the 
rate of heat removal is low even for large 
temperature differences. Consequently, 
peak heat fluxes in an operating pressur- 
ized-water reactor are restricted to less 
than about 75% of the value at which 
departure from nucleate boiling occurs, 
and operational control systems are de- 
signed to maintain this condition during 
all normal power changes. 

However, departure from nucleate 
boiling and even complete dryout of the 
fuel rods can occur under accident con- 
ditions such as the design-basis large- 
break loss-of-coolant accident men- 
tioned earlier. The rapid loss of coolant 
would depressurize the primary system 
and cause vaporization of the remaining 
water and dryout of the fuel rods. Poorly 
cooled by the steam, the core would 
overheat were it not for the automatic 
activation of the emergency core-cooling 
system. 

But how well do these systems actual- 
ly work? To reach the lower plenum 
below the core, emergency coolant must 
flow down the downcomer against an 
upward flow of steam. Does most of the 
water flow around and out the break 

instead of down to the lower plenum? 
Once the lower plenum is filled, the core 
must be reflooded with water and the 
fuel rods quenched. Most people are 
familiar with the vigorous boil- 
ing-quenching process when a fire poker 
at, say, 530 kelvin (500Â Fahrenheit), is 
inserted into a bucket of water. For a 
reactor, think of 40,000 pokers, 4 meters 
(1 2 feet) long, and at, say, 920 kelvin 
(12000 Fahrenheit) plunging into a 
4.6-meter-diameter (1 5-foot) bucket of 
cold water. The cooling water initially 
entering the core would be almost in- 
stantly vaporized, much like water 
thrown into a hot skillet, and the huge 
amount of steam generated would tend 
to prevent more water from entering the 
core. How long does it take to reflood 
the core and quench the rods? Will the 
fuel rods get hot enough to fail before 
they are quenched? 

Since it is impractical to perform a 
full-scale demonstration of the emer- 
gency core-cooling system under these 
extreme circumstances, the answers to 
these questions have had to come from 
theoretical analyses backed by numer- 
ous smaller-scale experiments. 

Code Development for 
Light-Water Reactor Safety Analysis 

In 1970 the Nuclear Regulatory Com- 
mission developed standards for 
assessing the adequacy of emergency 
core-cooling systems and codified them 
in Appendix K of Federal Regulation 
10CFR50. Methods of analysis as well 
as performance criteria are included. For 
example, before a reactor can be 
licensed, the owner of a proposed facility 
must show through analysis based on an 
"evaluation model" that the peak clad- 
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Fig. 12. Cladding temperature histories during a large-break loss-of coolant accident 
in a typical four-loop pressurized-water reactor. One history (solid curve) is a TRAC 
analysis [J. R. Ireland and D. R. Liles, "A TRAC-PD2 Analysis of a Large-Break 
Loss-of-Coolant Accident in a Reference US P WR, '* Los Alamos Program technical 
note LA-2D/3D-TN-81-10 (March 1981)l; the other (dotted curve) is an eval- 
uation-model, or conservative, analysis [G. W. Johnson, F. W. Childs, and J. M. 
Broughton, "A Comparision of 'Best-Estimate * and 'Evaluation Model' LOCA 
Calculations: The BE/EM Study," Idaho National Engineering Laboratory report 
PG-R - 76-009 (December 1976)l. 

ding temperature would not exceed 1477 
kelvin (2200' Fahrenheit) during the 
design-basis loss-of-coolant accident.* 
The evaluation model defined in Appen- 
dix K includes conservative assump- 
tions, such as an unrealistically low heat 
transfer from the fuel rods to the coolant 
during the initial depressurization of the 
primary system. Despite these con- 
servative assumptions, evaluation-model 

analyses were heavily criticized by scien- 
tists outside the industry. Many sim- 
plifications were required to perform the 
analyses, and, consequently, there was 
no assurance that the resulting predic- 
tions were, in fact, on the safe side. In 
1974 an American Physical Society 
c o m m i t t e e  i d e n t i f i e d  t h e  
thermal-hydraulics codes used for the 
analyses as the weakest link in the 

licensing process.** 
It was to help counter this criticism 

that the research arm of the Nuclear 
Regulatory Commission began funding 
the Laboratory to develop TRAC, a 
state-of-the-art thermal-hydraulics code 
capable of simulating the complete de- 
sign-basis loss-of-coolant accident se- 
quence in one continuous calculation. 
Because this large system code was to 
cover an enormous range of 
thermal-hydraulic phenomena in a com- 
plete primary system, approximate mod- 
els of the various phenomena had to be 
used. To aid and complement develop- 
ment of these models, the Commission 
also began funding more detailed 
analyses of individual reactor compo- 
nents and physical processes. Some of 
these analyses are described in a later 
article.*** 

Although TRAC was to include the 
most advanced numerical techniques 
available at the time, there was some 
skepticism about whether the code 
would work at all, much less provide 
realistic predictions in a reasonable com- 
puting time. But less than three years 
after development efforts began, it pro- 
duced the first complete calculation of a 
large- break loss-of-coolant accident in 
about 30 hours on a CDC-7600. (Later 
versions of TRAC run much faster.) 
Figure 12 shows typical results for clad- 
ding temperatures during a large-break 
loss-of-coolant accident. The predicted 
peak cladding temperature (about 1030 
kelvin, or 1 400Â Fahrenheit) is much 
lower than the limit set by the Nuclear 
Regulatory Commission, and we have 
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*This is the temperature above which the zirconium-steam reaction proceeds at  a significant rate. 
**H. W.  Lewis, Chairman, "Report to the American Physical Society by the Study Group on Light- Water Reactor Safety," Reviews of 
Modern Physics 47, Supplement No. 1 (1975). 
***See "Detailed Studies of R eactor Components" in this issue. 
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considerable assurance from loss-of- 
coolant experiments that this tem- 
perature is correct. The emergency cool- 
ing process is turbulent and 
chaotic-but it works. 

Both the models and methods of the 
TRAC code and its experimental veri- 
fication are discussed in a later article.* 
Comparison of TRAC calculations with 
a large number of experiments shows 
generally good agreement and has led to 
improved models, particularly for heat 
transfer in the core. As a result, the code 
is now felt to be very reliable for predict- 
ing reactor response during large-break 
loss-of-coolant accidents. 

TRAC's applicability to different types 
of accidents, such as long-duration tran- 
sients involving small breaks and multi- 
ple failures, was tested in the aftermath 
of Three Mile Island.** TRAC analyses 
of that accident requested by in- 
vestigative groups are in good agreement 
with available plant data and provided a 
basis for estimates of core damage by 
Laboratory personnel. Recent work on 
the code has concentrated on improving 
numerical efficiency and modeling for 
accidents of this type. 

Fast Breeder Reactors 

Light-water reactors, which run on 
thermal neutrons and fission of the fissile 
isotope uranium-235, utilize only a very 
small fraction of the energy potentially 
available from our uranium resources. 
Over 99% of natural uranium is 
uranium-238, a "fertile" isotope that can 
be converted into a fissile isotope, 
plutonium-239. 

Fig. 13. The EBR-II reactor is located at Idaho National Engineering Laboratory 
near Idaho Falls, Idaho. This liquid-metal-cooled fast breeder reactor has operated 
successfully for over 15 years. The reactor produces up to 20 megawatts of electrical 
energy and has had an excellent history of reliable operation. A predecessor O~EBR-11, 
a small reactor called EBR-I, produced the first nuclear-generated electricity in 1951. 
(Photo courtesy of Argonne National Laboratory.) 

The fast breeder reactor is designed to 
carry out this nuclear alchemy. It not 
only produces power through a chain 
reaction based on fission of 
plutonium-239, but also uses the excess 
neutrons to convert uranium-238 into 
plutonium-239 through neutron absorp- 
tion and subsequent beta decay: 

This conversion takes place in the reac- 

*See "Accident Simulation with TRAC"in this issue. 
**See '*Three Mile Island and Multiple-Failure Accidents" in this issue. 

tor core, which contains both 
plutonium-239 and uranium-23 8, and in 
a blanket of uranium-238 that surrounds 
the core. To breed more fuel than it 
consumes, the breeder reactor must run 
on fast neutrons. Therefore, moderating 
materials, such as water, that slow down 
the fast neutrons created by fission are 
eliminated from the core region. 

Fast breeder reactors can increase 
utilization of uranium resources by a 
factor of 50 over what can be achieved 
with light-water reactors. In fact, breeder 
reactors could supply all of our electrical 
energy needs for thousands of years. 
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Containment Structure 
\ 

Cora 

Fig. 14. A loop design for a liquid-metal-cooled fast breeder reactor showing the 
primary and secondary sodium cooling loops and the steam loop to the tur- 
bine-generators. The second sodium loop ensures that no radioactive sodium flows 
through the steam generators. The primcay system is at near atmospheric pressure 
and therefore does not need a pressurizer. The reactor core contains more fissile fuel 
in a more compact confl'ration than does a light-water reactor. 

Because of this high potential payoff, 
research on fast breeder reactors has 
been a high-priority effort in the United 
States for over 20 years. Interestingly, 
the first reactor-generated electricity 
came in 195 1 from a small fast reactor 
prototype called the Experimental 
Breeder Reactor I (EBR-I). A sec- 
ond-generation reactor of this type, 
EBR-11, has successfully operated at Ida- 
ho National Engineering Laboratory for 
over 1 5 years (Fig. 1 3). 

Liquid sodium is the primary coolant 
in liquid-metal-cooled fast breeder reac- 
tors, the most common design for fast 
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breeder reactors. In one form, referred to 
as a loop design, the general component 
layout is similar to that in a pressur- 
ized-water reactor (Fig. 14). The pro- 
posed Clinch River Breeder Reactor is 
an example of this design. It has no 
pressurizer because the coolant is main- 
tained at near atmospheric pressure, but 
it requires an extra set of heat ex- 
changers to ensure that the sodium flow- 
ing through the steam generators is not 
radioactive. The steam generators must 
be very carefully designed, built, and 
maintained to minimize the chance for 
coolant leakage because sodium and 
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reactor is scrammed. 



Fig. 15. Fuel for the high-temperature gas-cooled reactor is in particles are dispersed in a graphite matrix, which is formed 
the form of small particles containing a kernel of either fissile into a fuel slug. The fuel slugs are inserted into holes drilled in 
uranium-235 or fertile thorium-232, both as dicarbides. Typi- a graphite core block; helium flows through other holes. The 
call', three barrier coatings plus an inner buffer zone encase core contains seveal thousand core blocks, some of which can 
the kernel and serve to contain the fission products. The accommodate control rods. 

diverse and redundant scram systems for 
breeder reactors. 

Although a core-disruptive accident is 
extemely unlikely, it has received con- 
siderable attention as the worst possible 
accident-one that poses a threat to the 
containment. The Laboratory was asked 
to develop a computer code simulating 
this accident to determine its potential 
for damage. The result is SIMMER, a 
coupled neutronic-hydrodynamic com- 
puter code that is unique in being able to 
treat the complex interaction of solid, 
liquid, or vapor phases of fuel, steel 

cladding, and sodium coolant as they are 
affected by fission energy release.* The 
hydrodynamic t reatment  of in- 
terpenetrating materials and multiphase 
flow is based on methods developed at 
Los Alamos by Francis H. Harlow and 
his coworkers. 

SIMMER analyses have been in good 
agreement with experiments involving 
isolated aspects of a simulated 
core-disruptive accident. Results for the 
accident as a whole indicate a much 
lower potential for damage than do 
earlier, more conservative analyses. 

*See "Breeder Reactor Safety-Modeling the Impossible" in this issue. 

Gas-C ooled Reactors 

Reactors that use a gas as the primary 
coolant have been under development 
for many years. Such reactors can oper- 
ate at higher temperatures than wa- 
ter-cooled reactors because phase 
change (boiling) is not a constraint. The 
British have been particularly active in 
building gas-cooled reactors; the West 
Germans and Japanese also have a 
strong interest in this approach. Los 
Alamos developed considerable expertise 
on gas-cooled reactors through the Rov- 
er program, a program carried out be- 
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Fig. 16. A massive prestressed concrete vessel encloses the 
primary system of the Fort St. Vrain high-temperature lnefSk. 
gas-cooled reactor. Helium circulators force pressurized ef 6- Atowe ?man̂  
helium down through the core and up through steam gener- 

tween 1955 and 1974 to develop a 
reactor-powered rocket engine. As part 
of this program, several gas-cooled reac- 
tors were developed and successfully 
ground-tested. 

The current gas-cooled reactor pro- 
gram in the United States centers on the 
high-temperature gas-cooled reactor, a 
concept developed by General Atomic 
Company. The Fort St. Vrain reactor 
located near Denver, Colorado is the 
only commercial gas-cooled reactor in 
the United States. Although this type of 
reactor offers advantages in terms of 
efficiency and safety, it is a sec- 
ond-generation reactor technology that 
was caught in the nuclear power down- 
t u r n  before  i t  could  become 
well established commercially. 

The core of a high-temperature 

gas-cooled reactor is very different from 
that of the reactors discussed above. The 
fuel (Fig. 15) is in the form of tiny beads. 
Special coatings around the beads con- 
tain the fission products generated dur- 
ing use. The beads are dispersed in a 
graphite binder and inserted into large 
graphite blocks. These blocks are locked 
together to form the core. The graphite 
also serves as the neutron moderator. 
The coolant is helium pressurized to as 
high as 72 bars in recent designs. A 
circulator forces the helium through 
thousands of holes drilled in the core 
blocks and through steam generators. 
Figure 16 shows a typical primary sys- 
tem and the monolith of prestressed 
concrete that encases the entire primary 
system. A network of axial and circum- 
ferential cables keeps the concrete vessel 

under constant compression. 
The unique core design of the 

high-temperature gas-cooled reactor af- 
fords a degree of accident protection not 
possible in water-cooled reactors. Here 
the dispersed fuel produces a low energy 
density and the large amount of graphite 
provides an enormous heat sink. Even if 
the helium circulator is not operating, 
several hours worth of decay heat can be 
absorbed by the core before it heats to 
the point of damage. After a few hours 
of such heating, the fission products 
begin to diffuse from the fuel to the 
coolant channels, but slowly moving 
helium will transport them to colder 
regions of the primary system where 
most would be deposited. The graphite 
core can withstand extremely high tem- 
perature (about 3900 kelvin, or 6500Â 

LOS ALAMOS SCIENCE 



Fahrenheit) before beginning to sublime 
rather than melt. Proponents of 
gas-cooled reactors describe them as 
more forgiving because they offer more 
time to take appropriate emergency 
measures than do light-water reactors.* 

Los Alamos work on gas-cooled reac- 
tors included development of the Rover 
nuclear rocket engine based on an ul- 
tra-high-temperature reactor with a 
graphite core. Current gas-cooled reac- 
tor safety research at the Laboratory 
concentrates on investigation of struc- 
tural dynamics and on analysis of possi- 
ble accidents. The tool for accident 
analysis is the computer code CHAP, 
which resembles TRAC in its full-system 
analysis capabilities. Laboratory staff 
members also assist the Nuclear Regu- 
latory Commission on safety issues re- 
lated to the Fort St. Vrain reactor. 

Safety Analysis at Los Alamos 

We have emphasized the development 
of accident-simulation codes such as 
TRAC, SIMMER, and CHAP because 
Los Alamos is a leader in this field. 
These state-of-the art computer codes 
have made possible realistic analyses of 
accident consequences. We have built 
confidence in their predictive capabilities 
through extensive testing against experi- 
ments and are now applying these codes 
to actual safety problems. For example, 
one controversial issue facing the nucle- 
ar industry is whether or not the main 
coolant pumps should be turned off in 
the event of a small-break 
loss-of-coolant accident in a pressur- 
ized-water reactor. The results of our 
detailed calculations with TRAC will help 

*See "The View from San Diego: Harold Agnew 
Speaks Out" in this issue. 

Fig. 17. On the basis of the Laboratory's extensive research on respirators, Los 
Alarms personnel were requested to observe and evaluate the protection provided to 
workers involved in the cleanup at Three Mile Island. The Laboratory had tested most 
of the respirators in use there for effectiveness against inhalation of radionuclides, 
particularly Iodine isotopes, and has developed techniques to assure their proper use. 
Here a respirator is being checked for leaks with a strong smelling soluti'on known as 
banana oil. (Photo by Alan Hack.) 

provide the Nuclear Regulatory Com- 
mission with a technical basis for estab- 
lishing operating guidelines. 

Another example will be the licensing 
of the Clinch River Breeder Reactor. 
This will involve calculating how strong 
the containment must be to withstand a 
core-disruptive accident. The SIMMER 
code will be used to help resolve this and 
other safety issues for the breeder reac- 
tor program. 

Much of the code development work 
at Los Alamos is part of a broad pro- 
gram in reactor safety research spon- 
sored by the Nuclear Regulatory Com- 
mission and carried out in large part by 
the national laboratories. Idaho National 

Engineering Laboratory performs most 
of the large-scale experiments, Sandia 
National Laboratories (Albuquerque) 
performs some experiments and a con- 
siderable amount of risk analysis, and 
Los Alamos leads in the development, 
verification, and application of advanced 
computer techniques. Other laboratories 
involved include Brookhaven National 
Laboratory, Argonne National Labora- 
tory, Oak Ridge National Laboratory, 
and Battelle Memorial Institute's Colum- 
bus and Pacific Northwest Laboratories. 

The Nuclear Regulatory Commission 
also relies on the national laboratories 
for technical assistance in reviewing 
license applications and investigating 
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specific safety issues. The Commission's 
safety requirements summarized in Fed- 
eral Regulation 10CFR50 serve as the 
basis for evaluating plant designs. All 
power reactors, research reactors, and 
fuel-cycle facilities in the private sector 
are covered by this regulation. 

To comply with 10CFR50, a license 
applicant must submit documents show- 
ing that the proposed facility is safe and 
will not adversely affect the health of the 
public. These documents include com- 
plete descriptions of the reactor, the 
auxiliary systems, and the site, as well as 
detailed safety analyses. 

Los Alamos has developed multi- 
disciplinary teams to help the Com- 
mission in all phases of this technical 
review. These teams include structural, 
electrical, nuclear, and mechanical engi- 
neers, seismologists, and experts on radi- 
ation and its health effects. 

Associated with these safety reviews, 
Los Alamos performs research and test- 
ing in cooperation with New Mexico 
State University to help establish stan- 
dards for plant ventilation systems and 
reactor containment structures. The 
purpose of these efforts is to ensure the 
confinement of radioactive materials 
during all accidents, including those 
caused by fires, explosions, and torna- 
does. Experimental facilities at both Los 
Alamos and the University are used in 
this research. 

An outgrowth of this technical as- 
sistance work is our direct involvement 
in assessing the physical security plans 
at commercial nuclear power plants.* 
These assessments have included 
analyses of accident sequences that 

might be initiated by sabotage. 
The Laboratory has other responsi- 

bilities in reactor safety, some of them 
rather different from those mentioned 
above. For example, our Industrial 
Hygiene Group conducts research on 
respirators for protecting workers from 
inhaled radionuclides. The expertise de- 
veloped in this field has been called upon 
in the cleanup at Three Mile Island (Fig. 
17). 

Table I summarizes the Laboratory's 
research and technical assistance ac- 
tivities in reactor and nuclear fuel-cycle 
safety. 

Conclusion 

Our broad involvement in safety 
analysis has brought us in direct contact 
with the public, the nuclear industry, and 
the government regulatory agencies. We 
are asked many difficult questions about 
safety and invariably the correct answers 
are not simple. Careful technical analysis 
is essential to any safety evaluation. By 
and large our work on worst-case acci- 
dents has shown that nuclear power 
plants have large margins to protect 
against release of radioactive materials. 
Now we are applying our sophisticated 
analysis tools to model the consequences 
of multiple equipment failures and hu- 
man intervention in less severe situ- 
ations. The purpose is to give the opera- 
tors effective strategies for minimizing 
the effects of system failures. We believe 
that the predictive capabilities we have 
developed over the last decade will help 
ensure the continued safe operation of 
our nation's nuclear power plants. w 

- - 

*See "Keeping Reactors Safe from sabotageTin this issue. 
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two Complex steam-water flows occur in a pot of 
boiling water just as they do in a pressurized- 

s . L" phase water reactor during a loss-of- 
coolant accident. Successful methods 

flow for analyzing these two-phase flows were 
first developed at Los Alamos National Laboratory. 
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any natural and manmade situations provide ex- 
amples of two-phase flow-bubbles rising in a 
carbonated drink, raindrops falling through the air, 

gasoline and air reacting in an automobile engine, water and 
steam circulating through a nuclear reactor. Common to all 
two-phase flows is the existence of discernible interfaces, or 
boundaries, that separate one phase from the other. Whether 
the flow involves two immiscible liquids, a liquid and a solid, a 
liquid and a vapor, or a solid and a vapor, the interfacial 
topology constantly changes as the phases interact, exchang- 
ing energy, momentum, and often mass. These interactions and 
changes in interfacial topology are the most W~cult  aspect of 
two-phase flow to model. Although little progress has been 
made in describing the detailed dynamics from first principles, 
macroscopic properties of two-phase flows can be determined 
satisfactorily from approximate models. Such models are 
essential for the safe and economic operation of a host of 
commercial systems-power generation, heating and cooling, 
material processing, and transport systems, to name a few. 

Here we focus attention on the steam-water flows that may 
occur during transients in pressurized-water reactors, but the 
methods presented are applicable to liquid-solid and liquid- 
liquid flows as well. The Laboratory has been a leader in the 
development of sophisticated numerical techniques for analysis 
of multiphase flows and in the construction of computer codes 
based on these techniques. Applications of these codes are 
described in the four articles that follow. In this article, we 
discuss the basic principles incorporated in models for Uquid- 
vapor flows and illustrate the numerical techniques for solving 
the resulting equations. The level of sophistication described 
here is typical of that in TRAC, the large systems code 
developed, at the request of the Nuclear Regulatory Com- 
mission, by Los Alamos for light-water reactor safety analysis. 

Flow Regimes 

Two-phase flows exhibit various flow regimes, or flow 
patterns, depending on the relative concentration of the two 
phases and the flow rate. A simple but generally adequate set 
of descriptive phrases for most of the important liquid-vapor 
flow regimes consists of bubble flow, slug flow, chum flow, 
annular flow, and droplet flow, 

Bubble flow describes the flow of distinct, roughly spherical 
vapor regions surrounded by continuous liquid. The bubble 
diameter is generally considerably smaller than that of the 
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Fig. 1. Photograph of slug^w. 

container through which they flow. Bubble flow usually occurs 
at low vapor concentrations. 

If the vapor and liquid are flowing through a pipe, bubbles 
may coalesce into long vapor regions that have almost the 
same diameter as the pipe (Fig. 1). This is called slug flow. 

At moderate to high flow velocities and roughly equal 



concentrations of vapor and liquid, the flow pattern is often 
very irregular and chaotic. If the flow contains no distinct 
entities with spherical or, in a pipe, cylindrical symmetry, it is 
said to be chum flow. 

At high vapor concentration, the liquid may exist as a thin 
film wetting the pipe wall (annular flow) or as small, roughly 
spherical droplets in the vapor stream (droplet flow). If both a 
thin film and droplets exist, the flow is described as annulw. 
droplet flow. 

All these regimes ean be exhibited by liquid flowing 
vertically upward through a heated tube (Fig. 2). ~ a c h  regime 
requires somewhat different modeling because the dominant 
interactions between liquid and vapor change their character 
from one regime to another. 

Everyone has observed some of these flow patterns in the 
home. For example, as a pot of water is heated, small bubbles 
form on the hot bottom surface. These grow, detach, and rise 
to the surface, driven by their buoyancy and by liquid 
convection. When the bubbles reach the surface, they break 
and send tiny droplets upward in a visible mist. Interaction of 
the small waves resulting from the bubbles' collapse produces 
larger droplets. Initially, these accelerate upward from the 
surface but are too large to be carried very far by the rising 
steam, so they fall and splash back onto the liquid. Even this 
mundane situation is chaotic and complicated, and its sim- 
ulation presents interesting problems. 

Anyone who has attempted to drink liquid from an inverted 
pop bottle has experienced slug flow. The liquid exits as a 
series of chunks rather than a smooth stream, and the air that 
replaces the liquid enters the bottle as a series of vapor slugs. 
The same general formulation that describes bubbles rising in a 
pot can be used to describe the flow of liquid from the inverted 
bottle or the complex steam-water flows in a pressurized-water 
reactor. 

Steam-Water Flows in Pressurized-Water Reactors 

During normal operation of a pressurized-water reactor, 
water in the primary cooling system is at a pressure of about 
150 bars (about 150 atmospheres) and a temperature of about 
590 kelvin (about 600Â°F) The water, circulated by large 
centrifugal pumps, flows into the reactor vessel, down an 
annulus, up through the core where it is heated by the fuel 
rods, into an upper plenum, and out of the vessel. The hot 

Fig. 2. Flow regimes eXnibiteil by wcaer flowing vertical& 
upward through a heated tube at moderate to high flow 
velocities. 
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water, still liquid, flows from the reactor vessel through a heat 
exchanger, called the steam generator, where the energy is 
removed from the primary system. The cooler liquid returns to 
the pump and the process continues. The water on the 
secondary side of the steam generator is at a lower pressure 
and quickly boils. The steam powers a turbine that drives a 
generator, and is then recovered from the turbine, condensed in 
another heat exchanger, and returned to the secondary system 
pumps. 

Now suppose that a pipe breaks in the primary system. The 
pressure drops and the superheated water flashes to steam. As 
the pressure drops further, emergency core-cooling systems are 
activated to prevent overheating of the core. These systems 
inject cold water into the pipes connected to the reactor vessel. 
Both vaporization and condensation may occur simultane- 
ously in different reigons of the primary system and produce 
complex, turbulent steam-water flows. To follow the evolution 
of these flows and predict their effectiveness in cooling the core 
requires detailed models of the two-phase flow. 

The Two-Fluid Model 

Analysis of two-phase flow begins with the most general 
principles governing the behavior of all matter, namely, 
conservation of mass, momentum, and energy. These prin- 
ciples can be expressed mathematically at every point in space 
and time by local, instantaneous field equations. However, 
exact solution of these equations is almost impossible and very 
expensive, requiring the tracking of many convoluted liquid- 
vapor interfaces that change continuously in time. Instead, the 
usual procedure is to average the local, instantaneous equa- 
tions in either time or space, or both. Although we lose 
information in the process, the resulting equations yield 
accurate solutions to a wide variety of practical problems so 
long as the averaged variables bear some resemblance to the 
actual situation, that is, so long as the flow is not too chaotic. 

During the averaging, the two phases may be treated 
together to obtain averaged variables for a two-phase mixture; 
alternatively, treating each phase separately, we obtain aver- 
aged variables for both phases. The latter procedure yields the 
two-fluid model, which is a bit more general and useful. (The 
mixture model can be derived from the two-fluid model.) 

A usual two-fluid model consists of six field equations: 
averaged mass, momentum, and energy equations for the 

liquid and another set of three for the vapor. For example, 
integrating across the cross section of our heated tube (Fig. 2) 
at some particular time, through regions with liquid and 
regions with vapor, we obtain area-averaged conservation 
equations for the liquid and the vapor. Or, integration over a 
small volume element provides volume-averaged equations. 
We could also integrate over a period of time at some 
particular location in the tube to obtain time-averaged con- 
servation equations. Finally, additional variables are in- 
troduced into the averaged conservation equations, namely, 
the volume (or area) fraction of the vapor a, and of the liquid 
a, for a given region. Because the flowing material is either 
vapor or liquid, a, and a, are not independent. Rather 
a, + a, = 1. 

Other procedures (for example, Boltzmann statistical 
averaging) may be followed to obtain usable field equations, 
but these are the most common. Fortunately, all the averaging 
techniques produce effectively identical sets of equations, at 
least one-dimensional equations. 

The field equations are usually derived by assuming that the 
interface separating the phases has zero thickness and zero 
mass, and hence cannot store momentum or kinetic and 
thermal energy. To complete the field equations, mass, 
momentum, and energy fluxes of one phase must be connected 
across the interface to the corresponding fluxes of the other 
phase. With suitable simplifications, these connections are 
usually effected with "jump conditions." 

We will illustrate application of the two-fluid model to 
vapor-liquid flow with the field equations for conservation of 
mass and the appropriate jump condition. For flow of a single 
phase in the absence of sources and sinks, conservation of 
mass is expressed as 

where p is the density of the fluid and ?is its velocity. For the 
case at hand, we need two mass-conservation equations, one 
for each phase, and must include the possibility of vaporization 
and condensation at the rates I?, and r,, respectively. We 
obtain the following mass-balance equations for vapor and 
liquid. (Averaging symbols have been omitted for simplicity.) 
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and 

Conservation of mass implies that the jump condition at the 
interface is 

That is, production of vapor at the interface depletes the liquid 
phase by an equal amount. 

The field equations based on conservation of energy and 
momentum, although similar, are more complicated and are 
often formulated with additional simplifying assumptions. For 
example, we often ignore turbulent stresses in the momentum 
equation and turbulent work terms in the energy equation. 

Constitutive Relations 

The field equations are an expression only of conservation 
principles; they describe neither the thermodynamic properties 
of the materials involved nor the interactions between the 
phases and between each phase and the medium in which the 
flow occurs. Completion of the analysis requires "constitutive 
relations" that describe these properties and interactions. 

For the steam-water flows that are of interest here, the 
constitutive relations that are the most difficult to specify 
properly are those describing the interactions between the 
phases. Consider, for example, the averaged equation for 
conservation of mass of the vapor phase (Eq. 1). Expressed in 
words, this equation simply states that, within a volume 
element, the temporal change in the vapor mass equals the rate 
of vapor production minus the exiting vapor flux. 

However, this equation cannot be applied to a real problem 
until we have a constitutive relation that specifies the rate of 
vapor production. 

A number of basic models have been used to determine this 
variable. Early vapor-liquid studies were often based on a 
thermodynamic equilibrium model. This model includes the 
assumption that when two phases coexist, both must be at the 
saturation temperature. Thermodynamic equilibrium is main- 
tained in this model by balancing pressure changes with 
sufficient vaporization or condensation. 

Although adequate to describe many situations, this model 

fails when the effects of thermodynamic disequilibrium are 
important. Such is the case, for example, in a reactor core 
during accident conditions. Droplets of water at temperatures 
close to saturation may be entrained by steam at a temperature 
much higher than saturation. To evaluate properly the cooling 
effects of the steam-droplet mixture on the fuel rods, the 
temperature of the droplets and of the steam must be 
considered separately. 

INTERFACIAL MASS AND ENERGY EXCHANGE. In our 
studies of transient reactor behavior, we use a simple non- 
equilibrium phase-change model based on a thermal-energy 
jump condition at the vapor-liquid interface. At a region in 
space where both phases exist, we specify an energy balance 
between the phases at the interface (Fig. 3). Because we 
assume that the interface cannot store thermal energy, the net 
energy transferred to the interface by vapor and liquid must be 
used up by vaporization (or condensation). Thus the rate of 
vapor production rl is given by 

where q,  and q, are the rates of heat transfer to the interface 

Fig. 3. Mass and thermal enemy are exchanged between 
vapor and liquid through a massless interface. Because the 
interface cannot store thermal energy, the net energy trans- 

ferred to the interface, ql + q2, must result in vaporization or 
condensation. 
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from the vapor and the liquid, respectively, and AH is the 
enthalpy difference between the phases. If the interface is 
assumed to be at the local saturation temperature Teat, then 
AH = L, the heat of vaporization of the material at the local 
pressure. 

Expressions for the interfacial heat transfers are obtained by 
assuming that each phase has an average temperature, denoted 
by Tl and T,, and by applying Newton's law of cooling. 

and 

The proportionality constants hi and h2 are the heat-transfer 
coefficients between the interface and vapor and between the 
interface and liquid, respectively, and A is the interfacial area. 
Substituting these expressions into Eq. 3, we obtain Fi as a 
function of hl, ha and A. 

The temperatures Ti and T, can be calculated from the 
' coupled field equations, and may be regarded as known. 
However, the interfacial heat-transfer coefficients and the 
interfacial area depend on the interfacial topology, which is not 
specified in our averaged two-fluid model. 
' We usually obtain values for hi, hi, and A by first 

determining the local flow regime from a steady-state flow- 
regime map. Such a map relates observed flow regimes to local 
flow conditions, that is, to volume fraction of one or the other 
phase and to flow velocities of both phases. (These variables 
are available from the field equations.) Figure 4 shows a 
particularly simple flow-regime map based on observations of 
upward air-water flow in a vertical pipe. Having determined 
the local flow regime, we use empirical correlations ap- 
propriate to that regime to obtain values for h,, h,, and A. 
~lthough this technique cannot be fully justified from first 
principles, it is relatively simple and often supplies reasonable 
answers to complex problems. 

Sometimes further information may be needed to use the 
customary empirical correlations for hi, h2, and A. For 
example, the flow-regime map may specify droplet flow, but a 
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Fig. 4. Observed flow-regime map for upward air-water flow 
in a vertical pipe. The flow regime is independent of /low 
velocity and depends only on the vapor fraction. As the vapor 
fraction increases (and the number and size of the bubbles 
increase), collisions between the bubbks become more fre- 
quent, and they coalesce into slugs. At higher vapor fraction, 
vapor slugs cannot exist, and chum flow sets in. Finally, an 
annular-droplet flow occurs at very high vapor fraction. 

mean droplet size is required. A local approximation based on 
a Weber number criterion is often used to specify an average 
droplet diameter d, This criterion is an expression of the idea 
that, for droplet flow to exist, disruptive forces (forces due to 
relative motion of droplets and vapor that tend to break up the 
droplets) and restoring forces (due to surface tension 0) must 
be in a certain ratio. Expressed mathematically, 

where dmax is the maximum droplet size and We, the Weber 
number, is some constant. We use d Ã 0.5 dmw 
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The Weber number criterion does not take into account the 
existence of a spectrum of droplet sizes, velocities, and cooling 
rates; in addition, it sometimes predicts nonphysical results. 
For example, consider subsonic droplet flow in a convergent- 
divergent nozzle. Applied to large drops as they enter the 
convergent section, the Weber number criterion gives a 
reasonably accurate estimate of their largest size as they break 
UP. 

However, further downstream in the region of slower flow 
the same criterion predicts coalescence that does not in fact 
occur (Fig. 5). 

Simplifications similar to those delineated above are in- 
cluded in most current computer codes. Fortunately, for many 
problems of interest, accuracy of the interfacial terms need 
only be sufficient to provide reasonable overall results. How- 
ever, work is progressing on replacing some of these approx- 
imations with additional differential equations for a character- 
istic length (or area) field to be convected around with the flow. 
These equations will provide a better history of droplet 
evolution and more realistic estimates of the interfacial interac- 
tions. 

INTERFACIAL MOMENTUM EXCHANGE. We have dis- 
cussed in some detail the development of constitutive relations 
that describe the interfacial exchange of mass (by the mecha- 
nism of phase change) and its relationship to the interfacial 
exchange of energy. Another important interfacial interaction 
that must be taken into account is exchange of momentum 
between the two phases. This exchange arises because, in 
general, the two phases do not travel at the same velocity. 
(Witness the upward flow of steam bubbles in a pot of heated 
water or of carbon dioxide bubbles in a newly opened pop 
bottle.) A full description of the interfacial momentum transfer 
requires consideration of various phenomena, including, 
among others, "added-mass" effects, Bassett forces, steady- 
state drag forces, and phase-change thrust effects. However, 
the customary procedure is to consider only the last two, 
which are the local forces that dominate most problems. Both 
are dependent on the local flow regime, and again, flow-regime 
maps and empirical correlations are invoked. 

A source of error in most calculations should be pointed 
out. Averaging operators, which have not here been indicated 
explicitly, can be important in formulating models because the 
averaged equations include many quantities that are averages 
of products. But in most calculations, it is assumed, for 
example, that /pv2) = ( p)(v)(v), where ( and ) denote a spatial 

Flow Direction 

I 
Flow Direction 

Fig. 5. A comparison of predicted and actual subsonic droplet 
flow through a convergent-divergent nozzle. (a) The Weber 
number criterion pred1Cts that large drops break up into small 
drops in the convergent section and coalesce into large drops in 
the divergent section, (b) In reality, the small drops do not 
coalesce in the divergent section. 

average. This assumption is strictly valid only if the density 
and velocity are constant across the region where the averag- 
ing is effected. (Such errors can be corrected for if information 
about the density and velocity profiles is available.) We raise 
the point here because the error so introduced is larger for 
momentum fluxes (pv2 terms) than for mass fluxes (pv terms). 

INTERACTIONS WITH CONTAINING MEDIUM. The in- 
teractions between each phase and the medium through which 
they flow (such as pipe walls and structures within a reactor 
vessel) are another set of necessary constitutive relations. Wall 
shear and wall heat transfer must be modeled with some 
accuracy to obtain realistic analyses of transient reactor 
response. Particular attention must be paid to modeling the 
extreme variation (by orders of magnitude) of heat transfer 
from the fuel rods as local flow conditions change. Correlating 
procedures using Newton's law of cooling are customary, but 
the resulting functions that specify the heat-transfer coeffi- 
cients to the liquid and vapor are complicated and not always 
well supported by experimental data. 

Numerical Solution Techniques 

Even the simplified models for two-phase flow described 
above are fairly complicated. The two-fluid model includes six 
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two-phase flow 

Fig. 6. To apply the method of finite dzrmences to one- 
dimensionaljlow, the x-axis is dividkd into equal intervals with 

coupled partial differential equations and numerous 
thermodynamic and constitutive equations. Solutions for spe- 
cific problems are obtained by using numerical techniques and 
high-speed computers. The Laboratory's greatest contribution 
to analysis of two-phase flow is the development of numerical 
solution techniques and large-scale computer codes. Francis 
H. Harlow and his associates were among the fnst to compute 
these flows successfully with a two-fluid model. 

The partial dserential equations that represent the con- 
servation laws cannot be solved directly with a (digital) 
computer. Instead, these equations must be approximated by 
algebraic equations. We will use the method of finite dif- 
ferences to solve a set of equations describing the flow of a 
single phase through a pipe. We assume that the flow can be 
described in suficient detail in one dimension? along the pipe 
axis. The set consists of equations for conservation of mass 
and momentum and a thermodynamic equation of state. 

and 

where p is the microscopic density, v is the velocity, and p(P) is 
some (known) function of the pressure P. 

For convenience, we divide the distance along the x-axis into 
equal finite intervals, or cells? of length Ax and denote the 
midpoints by xi. The thermodynamic variables p and P are 
defined at the cell midpoints and the mass flux pv at the cell 
edges (Fig. 6). We also divide the time coordinate into equal 
intervals of duration At with endpoints denoted by 5 Super- 

mi&oints denoted by xt The variables p, P,  and pv are wried 
at the indicated locations. 

scripts and subscripts on the dependent variables indicate? 
respectively, time and location. 

The temporal term of our mass-conservation equation (Eq. 
5) may be approximated by 

and the spatial term by 

(Note that we have not yet specified the times for the spatial 
term. We shall address this issue below.) Our approximation 
for Eq. 5 in the cell bounded by and xi+ll2 is thus given by 

We could approximate our momentum-conservation equa- 
tion (Eq. 6) over the same cell, obtaining 

We choose instead to approximate it over the cell bounded by 
xi and xi+l , and obtain 

(Again, we have not yet specified the times for the spatial 
terms.) 

There are two reasons for choosing to "stagger" the mass 
and momentum cells. First, Eq. 9 specifies pressures at the cell 
edges rather than at the cell centers where we have defined 
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them. Solving this problem involves use of pressures spanning 
three cells (Pi+l and Pi-l ), In contrast, the pressures specified in 
Eq. 10 span only two cells, a situation that greatly improves 
the solvability of the system of linear equations (improves the 
diagonal dominance of the resulting matrices). Second, notice 
that mass flux is the dependent variable common to Eq. 8 and 
Eqs. 9 or 10. Both Eq. 8 and Eq. 10 specify this variable at cell 
edges, whereas Eq. 9 specfies it at cell centers. Therefore, 
mass flux values from Eq. 10 can be substituted directly into 
Eq. 8, a convenient situation. 

The numerical analyst must select a numerical technique 
and a difference scheme, such as that represented by Eqs. 8 
and 10, that exhibit accuracy and stability. The term accuracy 
means that, as At and Ax are made smaller and smaller, the 
numerical results are better and better approximations of the 
exact solution to the original differential equations. Stability 
means that the results show no unbounded growth of errors. 
Generally, stability depends on the choice of At and Ax. 

We can decide how to time-dfierence the spatial terms in 
Eqs. 8 and 10 on the basis of stability criteria. Let us assume 
for the moment that we are using what is known as a fully 
explicit difference scheme, that is, all the spatial terms are 
specified at time 5. It can be shown that our technique is then 
stable only if everywhere 

where C is the local sound speed ( a P / a ~ ) " ~  at constant 
entropy. We can develop a feel for why this is so by examining 
the consequences of violating the criterion. Then, for small 
velocities (v < C), At > &/C. For example, we will set At 
equal to 2Ax/C. During a time interval of this duration, a 
smd ,  narrow pressure pulse at xi will travel a distance 2Ax 
(the wave speed of the pulse is C) to xi+2. At the end of the time 
interval, at tj+l , the mass flux at xi+3l2, and hence certainly at 
xi+ll2, should be affected. But Eq. 10, containing pressure 
values at tj, does not reflect the influence of the pulse. In facty 
calculated results based on time intervals violating the criterion 
of Eq. 11 will quickly show exponential growth of errors and 
become meaningless. 

Because the sound speed is high for liquids, the stability 
criterion of Eq. 11 restricts us to quite short time intervals. We 
prefer to use instead a semi-implicit technique: in the momen- 
tum-conservation eqdation, to specify the pressures at tj+l and 

the momentum fluxes at tj, and, in the mass-conservation 
equation, to specify the mass fluxes at 5+1 . Through similar 
arguments based on mass transport, it can be shown that this 
semi-implicit technique will be stable only if vAt/Ax 
< 1, a much less restrictive criterion. 

Applying the semi-implicit difference scheme to Eqs. 8 and 
10 and rearranging, we arrive at the following system of 
equations. 

and 

(PV) gI2= (pv) 

A problem remains: we need values for the momentum 
fluxes. First, note that momentum fluxes can be calculated 
from mass fluxesy that is, pv2 = (p~)~ /p .  Then, we must decide 
what mass fluxes to use. Stability considerations demand that 
we use "upwind" mass fluxes. That is, if v i+l is positive, we 
calculate (pv2) i+lfrom the mass flux at x i+l12. If v i+lis negative, 
the mass flux at x i+312is used. 

An equation for p 7 is obtained by substituting expressions 
for (pv)$t12 and (pv)Cil2 (both provided by versions of 
Eq. 13 at xi+ll2 and xi-llJ into Eq. 12. The reader so 
enthusiastic as to attempt the algebra will generate an equation 
for p F 1  in terms of known quantities (quantities at tj) and the 
pressures (P):;, pF1, and (P)::. At this point, we linearize 
our equation of state. 

where dp/dP is obtained from Eq. 7. Combining Eq. 14 with 
our fmal equation for p F 1  results in an equation for pressure 
with a tridiagonal band structure in Pi-l, P i ,  and Pi+l . 
Solution of this equation provides us with pressures at %+1 and, 
hence, with densities and mass fluxes from the equation of 
state and Eq. 13, respectively. We have now advanced all 
variables from t to t j+l. The process continues until the time 
boundary is reached. 

Our sample problem is an example of an initial-value and a 
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two-phase flow 

AUTHOR 

boundary-value problem. We must therefore somehow be 
provided with initial values of py P, and pv for all x and with 
boundary values for all t. For some numerical techniques, 
inclusion of boundary conditions can be a tricky matter; the 
requirement that we achieve closure for the linear equations 
often implies the need for more boundary conditions than are 
demanded by the original dflerential equations. Inclusion of 
boundary conditions in the finite-difference technique il- 
lustrated here is generally straightforward. SufEcient boundary 
conditions for single-phase flow through a pipe consist of the 
pressures external to the pipe at both ends and the density on 
the inlet side. 

With considerably more tedious detaily the method of fmite 
differences can be applied to the more complicated equations 
describing two-phase flow. Although it may seem nearly 
impossibley large computer codes that accurately portray all 
the complexities of a reactor transient can be constructed with 
this numerical technique and the models described above. 
TRAC is an outstanding example of such a code. 

The challenges in producing a code like TRACY which 
currently contains about 40,000 statements, are numerous; 
careful assessment of the models and methods is necessary. 
The resultsy howevery are a tool for describing the complicated 
two-phase flows in reactors and for providing better estimates 
of reactor safety. 

Dennis R. Liles, Leader of the Code Development Group, has worked in 
the area of reactor safety since joining the Laboratory in 1974 and has been 
in charge of numerical solution techniques and models for TRAC. After 
receiving his Bachelor of Science in mechanical engineering from the Georgia 
Institute of Technology in 1968, he taught in the U. S. Army at Fort Bliss, 
Texas. He earned a Master of Science in mechanical engineering from the 
University of Texas at El Paw in 197 1 and a Ph.D. in the same field from the 
Georgia Institute of Technology in 1974. His primary interests are in the 
physics of two-phase flow and the numerical solution of fluid-dynamics 
problems. His contributions in both these areas have enhanced the ability of 
analysts to predict the behavior of nuclear reactors. An active member of the 
American Nuclear Society, he currently serves on the program committee of 
its Thermal Hydraulic Group. 
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ACCIDENT SIMULATION WITH 
by John C. Vigil and Richard J. Pryor 

An easy-to-use systems 
code can simulate the 

entire course of an 
accident in any 

light-water reactor 
system. Its predictive 
capablities are being 

applied to current 
reactor-safety issues. 

magine using an erector set to con- 
struct models of water-cooled reac- 
tors with any specified design. Im- 

agine, too, that these are working models 
that can reproduce the behavior of full- 
scale reactors under accident as well as 
normal conditions. Such an erector set 
has been developed at Los Alamos and 
is available for use by researchers and 
engineers in the reactor community. 
Known as TRAC, for transient reactor 
analysis code, it consists of a large set of 
computer subprograms that can be put 
together to simulate the complex 
phenomena that may occur during any 
specfied transient in any realistic reactor 
design. There are subprograms for the 
reactor components-the reactor core, 
the pipes, the pressurizer, the valves, the 
steam generators, the pumps, and the 
accumulators-and others for the physi- 
cal processes-steam-water fluid 
dynamics, heat generation in the core, 
and heat transfer between the two phases 
of the coolant and between the coolant 

and the solid structures. When as- 
sembled into a large systems code and 
run on a high-speed computer, these 
subprograms simulate numerically the 
complete course of reactor transients, 
most notably the loss-of-coolant acci- 
dent. 

Los Alamos was asked to develop this 
versatile computer code to provide re- 
alistic predictions of reactor response to 
a large-break loss-of-coolant accident. 
The Laboratory began this task in early 
1975, and less than three years later, 
TRAC became the frst program to pro- 
vide a continuous analysis of all phases 
of a loss-oficoolant accident in a f d -  
scale four-loop pressurized-w ater reac- 
tor. Since then, other versions of TRAC 
have been developed with emphasis on 
either shorter running time or more 
detailed analysis. In addition* T U C  was 
the basis of a detailed version for boiling- 
water reactors developed at Idaho Na- 
tional Engineering Laboratory. 

The accuracy of the most recent ver- 
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sion of TRAC (TRAC-PD2) for 
large-break accident analysis has been 
extensively tested against small-scaie ex- 
periments and integral tests at facilities 
such as LOFT and Semiscale. The frst 
fdl-scale test of TRAc was its analysis 
of the frst few hours (before the core 
was damaged) of the Three Mile Island 
accident. The results showed that the 
code is also applicable to small-break, 
multiple-failure accidents. Current ap- 
plications of TRAC are in this area. To 
better handle these complex accidents, a 
new version of the code is F i g  de- 
veloped to include models for the tur- 
bine-generator and feedback controls. 
Numerical methods are also being irn- 
proved to increase computing sped so 
that long-duration transients can be 
analyzed more efficiently. 

TRAC and the Bounding Accident 

Although extremely unlikely, the 
loss-of-eoolant accident resulting from a 

large, double-ended break in the primary 
coolant system of a pressurized-water 
reactor (Fig. 1) has long been considered 
the bounding accident-the worst that 
could happen-and the accident against 
which the performance of emergency 
core-cooling systems is tested in the 
licensing process. 

TRAC was designed specifically to 
simulate the large-break accident, Al- 
though this large systems code only 
approximates the intricate geometry of 
the plant and the physical processes that 
occur, it does simulate many complex 
phenomena that have been identified as 
important through small-scale experi- 
ments and more detailed computer stud- 
ies of individual components.* Among 
these phenomena are critical flow, multi- 
dimensional effects, countercurrent fluid 
flow, fuel-rod quenching, and steam 
binding. 

The course of a large-break accident 
has three main phases: blowd~wn~ dur- 
ing which the primary system depres- 

surues and the coolant flashes to steam; 
bypasslrefill, during which emergency 
cooling water refills the lower plenum to 
the bottom of the fuel rods; and reflood, 
during which water refds the core and 
cools the fuel rods. 

TRAC analyses of a standard 
four-loop pressurized-water reactor pre- 
dict that, if all systems operate as de- 
signed, the fuel rods will be cooled within 
approximately three minutes and that no 
core damage will occur. These calcu- 
lations also show that the NRC-specified 
assumptions are indeed conservative. 
For example, emergency cooling water 
will penetrate the lower plenum and 
reflood the core more rapidly than pre- 
dicted by the licensing analyses. 

Accident details and TRAC predic- 
tions outlined below will introduce the 
reader to the complex fluid-dynamics 
and heat-transfer problems that ' T U C  
has addressed. 

- -  -- 

*See "Detailed Studies of Reactor Components" 
is this issue. 
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ACCIDENT SIMULATION WITH TRAC 

BLOWDOWN. Following a sudden, 
large break in a cold-leg pipe, the large 
pressure difference between the primary 
system (150 bars*) and the containment 
(-1 bar) forces water rapidly out the 
break (see Fig. 1). The rate at which 
water escapes is limited by the choking 
phenomenon, or critical flow. At first, 
the pressure is high enough that only 
subcooled water is discharged. Then, 
when the primary system pressure has 
fallen to the saturation pressure, the 
coolant flashes to steam and a two-phase 
mixture is discharged. Primary pump 
performance degrades drastically during 
this period. 

During blowdown, all the water in the 
pressurizer, which maintains primary 
system pressure during normal opera- 
tion, discharges into one of the hot legs. 

The high-pressure injection system, 
consisting of low-flow-capacit y pumps, 
turns on automatically early in blow- 
down and injects emergency coolant into 
the cold legs. 

During all phases of the accident, the 
heat that may damage the core comes 
from two sources, reverse heat transfer 
in the steam generators and decay heat 
in the core. Reverse heat transfer occurs 
as the primary system pressure falls 
below that of the secondary system (-70 
bars); the primary coolant is then heated 
by the secondary system. This ac- 
celerates "voiding," or coolant vapor- 
ization, in the core, a process that con- 
siderably reduces the efficiency of heat 
transfer from the fuel rods to the 
coolant. Although fission is halted auto- 
matically as the water in the core vapor- 
izes (voiding has a very large and 
negative effect on the reactivity of the 

*1 bar = 10' pascals E 1 atmosphere. 
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Fig. 2. Steam-water flows in the downcomer during bypass when emergency coolant 
swirls around the downcomer and out the cold-leg break. 

core), decay heat continues to be gener- 
ated by fission products. The fuel rods 
dry and their temperature begins to rise, 
although some cooling is provided by the 
surrounding two-phase mixture. 

For a large, double-ended break in a 
cold leg, TRAC predicts that blowdown 
lasts approximately 15 seconds. The 
calculations also show that it is during 
this phase of the accident that the fuel 
cladding reaches its maximum tem- 
perature, -950 kelvin. This temperature 
is considerably lower than the maximum 
(-1500 kelvin) allowed by the licensing 
guidelines. 

During blowdown, some of the water 
in the lower plenum boils away or is 
swept out by high-velocity steam moving 
down through the core and up the down- 
comer to the broken cold leg. The 

amount of water remaining in the lower 
plenum determines the duration of the 
next phase of the accident. 

BYPASS~XEFILL. The second phase 
of the accident begins when the primary 
system pressure falls below that of the 
nitrogen in the accumulators (45 bars). 
Then, the check valves that normally 
isolate the accumulators from the prima- 
ry system open, and expanding nitrogen 
forces water into the downcomer 
through the intact cold leg. 

TRAC calculations show that, at first, 
water from the accumulator cannot 
reach the lower plenum. Instead, it is 
swept around the downcomer and out 
the broken cold leg (Fig. 2) by the 
countercurrent flow of steam. The steam 
is generated by flashing as the primary 



system pressure falls and by boiling as 
heat is transferred from structural mate- 
rials. Vapor flow toward the subcooled 
accumulator water increases as con- 
densation decreases the local pressure. 
Water from the accumulator continues 
to bypass the lower plenum for approx- 
imately 10 seconds. Then, as the coun- 
tercurrent steam velocities decrease, wa- 
ter begins to penetrate the lower plenum 
and refill begins. 

During refill, multidimensional effects 
can occur in the downcomer with water 
flowing down one portion and steam 
moving up the diametrically opposite 
portion. Alternate "storage" and "dump- 
ing" of emergency coolant also takes 
place as the water's downward flow is 
held up periodically until a quantity 
collects that is sufficient to overcome the 
upward steam pressure. Refill lasts for 
about 10 seconds and ends when the 
water level in the lower plenum reaches 
the bottom of the fuel rods. To provide 
this realistic description of bypass/refiU, 
T R A C  u s e s  a t w o - f l u i d  
thermal-hydraulics model and at least a 
two-dimensional representation of the 
downcomer geometry. 

REFLOOD. Emergency core cooling 
culminates in the several minutes of 
reflood during which water refills the 
reactor vessel and quenches the fuel 
rods. The primary source of emergency 
coolant for reflood is water pumped into 
the cold legs by the low-pressure injec- 
tion system. This system activates auto- 
matically when the primary system pres- 
sure falls below about 6 bars. 

At the beginning of reflood, the fuel 
rods are relatively hot because heat 
transfer has not been very effective dur- 
ing most of blowdown and all of 

Fig. 3. During reflood, fuel rods are quenched from the bottom by water rising 
through the core and from the top by Squid films falling through the upper core- 
support plate. 
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Fig. 4. SWH binding &Wig r^floo<fc The pressure created by vaporisation of 
~t~aineddropletsinthesteam opposes theflow of emawey ewlanttothe 

IqpasskrefflL Cjonaqtaffltfy, whea wa&r 
first covers the bottom of the fuel rods, it 
is tiflabfe to wet the cladding surface 
because heat transfer is predominantly 
by flte Boiling. Ev-uafly, tte cladding 
temperature Ms bekw the ini(iimum 
stable fiton-boiling temperature, the liquid 

tempe-awe, that is, the rods are 
quenched. Quenching progrew from 
bottom t~ top as the axe is reflooded 
NÂ£ as explained below, some topdown 
quencMng also occurs at the same time 
?31 

q process releases a 
large amount of heat to the reflooding 
water md causes steam to form. The 
stern cas-iss water &*lets upwatfd as it 
rises between the ftid nods; &me en- 

The entrained droplets are responsible 
tor top-down quenfsbmg. As they rise 
through the uppes pleffuco, they ^s- 
gnt ra  or deposit, on various stfttctw~ 
d form a pool on tfae upper am 
support plate. At fe-st, water from the 
pool cannot How down to quench the 
rods because steam is moving upward 
through the h&s to tfafi tipper cow- 
sopport plate. Ws pheno~enon is sdm- 
l& to that acc~&~g in the downcomer 
(bring bypass. At some point, however; 
water films penetrate the holes and begin 
to quench the fad iads from (te top- 
Top-down quenching by falling films 
takes place first at the e m  periphery 
where decay heat is lovest, Trmldng of 
the quench fronts due to both bottom 
flooding ai~d f&mng films was pmibably 
the most difficult technical problem we 
faced in modeling a large-break accident. 
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Code Design 
and Computational Models 

TRAC was to be a benchmark systems 
code for large-break accidents, but its 
flexible design makes it suitable for 
studying many types of transients. For 
example, TRAC-PD2 has been used suc- 
cessfully to analyze the first few hours of 
the Three Mile Island accident, small- 
break loss-of-coolant transients in the 
LOFT facility, and loss-of-feedwater 
scenarios in full-scale pressurized-water 
reactors. The fast-running version 
(TRAC-PF 1) currently under develop- 
ment at Los Alamos is designed to 
address these transients more efficiently 
and accurately. 

TRAC owes this enormous flexibility 
to its completely modular design. By 
joining the modules (subprograms) in a 
meaningful way, the user can simulate a 
wide range of phenomena, from a simple 
blowdown to a multiple-failure transient. 
The user need supply only the problem 
geometry and the boundary conditions. 

Figure 5 shows the structure of 
TRAC , including component and func- 
tional subprograms. To specify the prob- 
lem geometry, the user instructs the code 
to join component subprograms that 
correspond to specific reactor compo- 
nents. TRAC includes component sub- 
programs sufficient to model primary 
loops in their entirety and secondary 
loops except for the turbine-generator 
and condenser, which can only be ap- 
proximated. Also available are subpro- 
grams to model boundary conditions at 
breaks and fills. 

Each component subprogram auto- 
matically accesses functional subpro- 
grams that compute the important physi- 
cal processes occurring within the com- 

Fig. 5. TRAC is divided into five main subprograms, each of which handles a major 
aspect of the problem. INPUT accepts the user's description of the problem, INIT 
calculates quantities required for analysis that need not be supplied as input, STEADY 
calculates pretransient, or steady-state, conditions of the reactor, TRANS calculates 
the response of the reactor to the transient, andEDIT provides output. Within each of 
these main subprograms are subprograms that deal with particular reactor compo- 
nents. For all but TRANS, only the pipe component subprogram is shown; for TRANS, 
all the component and some important functional subprograms are listed. Each 
component subprogram accesses appropriate functional subprograms for relevant 
calculations. 

Fig. 6. Main functional subprograms accessed by PIPE to calculate the fluid dynamics 
and heat transfer within a pipe. 

LOS ALAMOS SCIENCE 



ACCIDENT SIMULATION WITH TRAC 

Fig. 7. Typical computational mesh for a vessel and a single coolant loop. In vessel 
cells, T?&~C computes the nuclear heat and its transfer among fuel rods,flowing steam 
and water, and structural materials. In pipe cells, TRAC computes steam-water flow 
conditions and heat trawjfer between the two phases and pipe walls. Other reactor 
components are treated as variations on a pipe: a pwnp as a pipe with a momentum 
source; a valve as a pipe with a van'ablejlow area; a pressurizer as a vertical pipe 
closed at one end with a heater/sprayer and a sharp steam-water interface; a steam 
generator as a pipe within another pipe; and an accumulator as a vertical pipe closed 
at one end with a sharp interface between water and pressurized nitrogen. 

ponent : steam-water fluid dynamics, (DF 1 D) to solve the one-dimensional 
heat transfer, and, in the vessel compo- fluid-dynamics equations. A pipe sub- 
nent, neutronics, or nuclear heat gener- program calls on other functional sub- 
ation. For example, all component sub- programs to obtain additional informa- 
programs except that for the vessel ac- tion required for solution of these equa- 
cess the same functional subprogram tions, such as relative velocity of the two 
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phases and heat-transfer coefficients be- 
tween pipe walls and vapor or liquid 
(Pig. 6). 

The reactor vessel and its internal 
structures (downcomer, core, upper and 
lower plena, and do on) are represented 
in three- or two-dimensional geometry at 
the user's choice. Components outside 
the vessel are represented in one- 
dimensional geometry. Figure 7 shows a 
vessel and a single coolant loop as- 
sembled into computational cells with 
TRAC component subprograms. 

TWO-PHASE FLUID DYNAMICS. 
The TRAC approach to modeling the 
steam-water dynamics is described in the 
preceding article. A two-fluid model 
based on conservation of mass, momen- 
tum, and energy for the liquid and vapor 
permits treatment of nonhomogeneous 
and nonequilibrium two-phase flow. 
That is, the liquid and vapor phases can 
move with different velocities and can 
have different temperatures, a situation 
that occurs during emergency coolant 
injection when superheated vapor and 
subcooled water flow in opposite diiec- 
tions. Other less-advanced codes require 
that the two phases have the same 
velocity or that one phase be at the 
saturation temperature. 

For lack of a real theory, the con- 
stitutive relations are approached em- 
pirically. These relations describe the 
exchange of mass, energy, and momen- 
tum between steam and water and be- 
tween solid structures and steam-water 
coolant. The exchange rates depend on 
information not available from the two- 
fluid equations, namely, the flow regime 
in effect. Figure 8 shows the important 
flow regimes for upward flow through a 
vertical array of fuel rods. TRAC in- 



Fig. 8. flow regimes and associated heat-transfer regimes for upward flow through a vertical array of fuel rods as (a) low and (b) 
high heat fluxes. 

eludes an empirical flow-regime map 
that correlates calculated values of the 
vapor fraction and the mass flux with 
particular flow regimes. Once the flow 
regime is determined, TRAC computes 
the exchange rates from empirical 
algorithms. This method of handling the 
constitutive relations yields acceptable 
results in agreement with a wide variety 
of experiments, but further improvement 
of TRAC is expected mainly from in- 
creased knowledge in this area. 

HEAT TRANSFER. The mechanism 

for transferring heat between coolant 
and structural materials or fuel rods also 
depends on the flow regime. Figure 8 
also displays the heat-transfer regimes 
associated with each flow regime. TRAC 
includes models for the following heat- 
transfer mechanisms: convection to sin- 
gle-phase liquid, nucleate boiling, transi- 
tion boiling, film boiling, convection to 
single-phase vapor, condensation, and 
liquid natural convection. 

Temperatures of fuel rods and struc- 
tural materials are calculated with heat- 

conduction models: a one-dimensional 
model for pipes; a one-dimensional 
lumped-parameter slab model for reactor 
vessel structures, such as downcomer 
walls and core-support plates; and a 
two-dimensional model for fuel rods. 

The fuel-rod heat-conduction model 
simulates the effects of internal heat 
generation, quenching phenomena, 
zirconium-steam reactions, and changes 
in the size of the gap between cladding 
and fuel. The conduction model subpro- 
gram automatically divides the fuel rods 
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into smaller cells during reflood calcu- 
lations to provide finer detail for this 
phase of a transient. To track the quench 
front, the subprogram also uses dynamic 
indicators to rezone the rods into a 
super-fine mesh that can resolve the 
large axial temperature gradient at the 
front. 

NUCLEAR POWER GENERATION. 
During a transient, power generation in 
the core changes with time. TRAC mod- 
els these changes with two methods. One 
is simply the use of a power-versus-time 
table supplied as input by the user. The 
other is solution of the point-reactor 
kinetics equations that describe core 
power as a function of time, with total 
reactivity as the controlling parameter. 
Reactivity-feedback effects due to 
changes in core-average fuel tem- 
perature, coolant temperature, and 
coolant density are taken into account. 
Power from fission and fission-product 
decay is calculated with 6 delayed-neu- 
tron groups and 11 decay-heat groups. 

The spatial distribution of power in 
the core and within the fuel rods is 
specified as input and remains fixed 
during the transient. This approximation 
is adequate for all loss-of-coolant tran- 
sients because fission is halted by void- 
ing of the core or scramming the reactor. 
However, for analysis of transients 
without scram, reactivity-insertion acci- 
dents, and some operational transients, 
changes in the spatial power distribution 
may be important and would require the 
use of a space- and time-dependent pow- 
er generation model. 

COMPUTATIONAL TECHNIQUES. 
The field and constitutive equations are 
solved by efficient spatial finite-dif- 

ference techniques. Normally, a semi- 
implicit time-differencing technique is 
used for all calculations. This technique 
is subject to the Courant stability limita- 
tion that restricts the time-step size in 
regions of high-speed flow (for example, 
in a broken leg). Therefore, a fully 
implicit time-differencing option is also 
available for solution of the one- 
dimensional flow equations; this option 
permits fine spatial resolution in regions 
of high-speed flow without restricting the 
time-step size. 

To improve convergence, the solution 
strategy for the vessel includes these 
techniques: direct matrix inversion (rath- 
er than iteration) for vessels with less 
than 80 cells; coarse-mesh rebalance for 
vessels with more than 80 cells; re- 
linearization of the vessel equations to 
correct the assignment of a donor cell 
when the fluid velocity changes sign 
during a time step; and a time-step 
backup procedure when invalid tem- 
peratures, pressures, or void fractions 
are encountered. 

A stability-enhancing two-step numer- 
ical method included in TRAC-PF1 re- 
moves the Courant time-step limitation 
and permits analysis of transients of long 
duration at real time or better. To further 
enhance stability, wall heat transfer is 
treated more implicitly in this version. 

OUTPUT. TRAC produces an ex- 
traordinary amount of information dur- 
ing the course of a calculation. At each 
step and for each mesh cell, TRAC 
provides values for the following vari- 
ables: fluid pressure, void fraction, tem- 
peratures and velocities of the two 
coolant phases (for vessel cells, the ve- 
locities are vector quantities), and tern- 
peratures of solid materials, such as the 

cladding. Other variables (for example, 
mass and momentum fluxes and fluid 
density) can be obtained from these 
basic variables. A versatile graphics 
package is available to help the user 
digest this information by producing 
movies and a wide variety of plots. 

To determine the validity of TRAC 
results, they must be compared with 
experiment, but, unfortunately, velocities 
and temperatures of the two coolant 
phases cannot be measured accurately. 
Variables that can be measured directly 
and accurately include fluid pressure, 
mixture temperature, and metal tem- 
peratures. Indirect and less accurate 
measurements can be made of void frac- 
tion and steam-water mixture velocities. 
The number and location of variables 
measured are necessarily much' smaller 
than those calculated; furthermore, in 
some cases, the measurement device can 
significantly perturb the variable being 
measured. 

How Good is TRAC? 

The end objective for TRAC is to 
provide a credible predictive tool for all 
light-water reactor transients. But can 
we rely on TRAC predictions of events 
that have never been measured in full- 
scale reactors? We believe the answer is 
yes. The code has been tested against 
many different experiments that span a 
wide range of scales, reactor compo- 
nents, and geometric arrangements and 
involve most of the important thermal- 
hydraulic phenomena expected in a full- 
scale power plant under normal and 
accident conditions. 

The constitutive relations in TRAC are 
based on so-called model development 
experiments. These are usually small- 
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TABLE I 

FACILITIES FOR TRAC ASSESSMENT 

Operating Institution Phenomena and Phase 
Facility and Location Scale of Accident Studied Description8 

Semiscale Mod-1 Idaho National Engineering Laboratory Small System effects during One active and 
United States all accident phases one passive loop 

Semiscale Mod-3 Idaho National Engineering Laboratory Small System effects during Full-height core, 
United States all accident phases two active loops, 

and upper-head- 
injection 
capability 

LOB1 Commission of the European Small System effects during Two active loops 
Communities, Ispra Establishment blowdown and bypass/ and full-height 

MY refill core 

FLECHT Westinghouse Electric Corporation Small Separate effects during Single-bundle 
United States reflood full-height core 

FLECHT-SEASET Westinghouse Electric Corporation Small Separate and system Single-bundie 
United States effects during reflood full-height ewe 

and one coolant 

THTF Oak Ridge National Laboratory Small Heat transfer during Single-bundle 
United States blowdm full-height core 

Pipe Blowdon Tests Castro Jtafonnazoni Stud Esperieoze Small Separate effects during Pipe-*&-faeating 
Italy blowdown W a b W  
Atomic Weapons Research Establishment 
United Kingdom 

Tube CHF Tests Atomic Weapons Research Establishment Small Steady-state pipe w d  Rpe-waH-hw 
United Kingdom heat transfer over eatire capability 

range of boiling curve 

LOFT Idaho National Engineering Laboratory Intermediate System effects during Nuclear core, one 
United States all accident phases active and one 

passive loop 

PKL Gesellschaft fur %teaktorsicherheit mb.H. Intermediate Separate esfects during 340-rod fatt-height 
West Germany bypadrefill and reflood core and three 

coolant loops 
- - 

CCTF Japan Atomic Energy Research Institute Intermediate Separate effects during 2000-rod 
Japan bypass/refill and full-height 

reflood cylindrical core 

Downcomer Tests Create, Inc. Intermediate Saparate effects during Downcomer and 
United States bypadrefill lower plenum with 
Battelle Columbus Laboratories external steam 
United States source 

Marvikm III Studsvik Energit- AB Large Critical flow during PiiH-scale 
Sweden blowdown vessel 
-- 

Japan Atomic Energy Research Institute Large 
Japan 

Separate effects during Full-mate 
bypass/refll and reflood (axial and 

radial) slab 
core 

- -  

uPTF' Gesellschaft fur Reaktorsicherheit m.b.H Large Separate effects during Full-scale 
West Germany bypasshefill and downcomer and 

reflood upper plenum 
with internals 

"Unless otherwise noted, nuclear processes arc simulated by electric heating. 
'~onstruction will begin soon on this facility; TRAC has been used for design analysis. 
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scale laboratory experiments that ex- 
plore the basic physical processes as- 
sociated with two-phase thermal 
hydraulics: bubble growth, vapor nucle- 
ation, interphase transfer of mass, 
momentum, and energy, flow regime 
variation, and so on. Such experiments 
are being performed at numerous institu- 
tions, including national laboratories, 
universities, and industrial research labo- 
ratories. Application of such information 
to full-scale reactors is yet incomplete. 

Testing of TRAC itself is done by 
comparison with two basic types of 
experiments : separ ate-effects experi- 
ments designed to study a single phase of 
a loss-of-coolant accident or the re- 
sponse of a single reactor component 
and integral experiments that involve all 
the major components of the primary 
system during more than one phase of 
the transient. Some of the experimental 
facilities used to test TRAC are described 

in Table I. Table I1 lists the important 
phenomena associated with pressurized- 
water reactor components that are stud- 
ied experimentally and then compared 
with TRAC predictions. The com- 
parisons lead to new experiments and 
improved versions of the code. 

TRAC-PD2, the latest version to be 
released to the reactor community, was 
tested against separate-effects and inte- 
gral tests covering a wide range of scales 
and was found to do a credible job 
overall. To illustrate the code's 
performance at the time of release, we 
present results from a separate-effects 
test for the reflood phase, the most 
difficult phase of an accident to simulate. 

REFLOOD TEST. FLECHT, the f d -  
length emergency-cooling heat-transfer 
facility, was designed to study heat 
transfer, quench-front propagation, and 
droplet entrainment and de-eQ@aioroent 
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during the reflood phase of a loss-of* 
coolant accident. FLECHT consists of a 
single fuel bundle containing approx- 
imately 100 full-length fuel rods 
mounted in a flow housing with upper 
and lower plenum regions (Fig. 9). The 
bundle and housing are electrically heat- 
ed until the bundle is covered with 
saturated steam but the lower plenum is 
full of water. Reflood is initiated by 
injecting water into the lower plenum 
when the desired maximum rod tem- 
perature is reached. Electric heating is 
decreased during reflood to simulate de- 
cay heat. Figure 10 compares TRAC 
predictions and experimental values for 
the quench-front location as a function 
of time. (The quench front is the point at 
which the fuel-rod temperature has drop- 
ped rapidly to near that of the reflooding 
water.) Note that complete quenching 
occurred earlier than predicted by 
TRAC. This discrepancy is attributed to 
radiant heat transfer from the heated 
rods to the housing and to unheated 
rods, an effect not included in TRAC 
because it is unimportant for a full-scale 
pressurized-water reactor. 

The mass of fluid exiting from the 
upper plenum region was also measured 
and is compared with calculated values 
in Fig. 11. The good agreement appears 
to indicate an acceptable entrainment 
model in TRAC. However, there is some 
evidence from these and other experi 
ments that more de-entrainment in the 
upper plenum is needed to improve the 
calculated results for the top-down 
quench front. 

INTEGRAL TESTS OF SMALL 
BREAK ACCIDENTS. Following the re 
lease of TRAC-PD2, we have continua 
to test the code against integral experi 
meats that involve all major components 

. - . .- - 

Tie. 9. Schematic diagram of (a) F ~ E C H T  and+ @J-iiiii ~ t v ~ s i i i  into computh&nal 
cells in the TRAC model. FLECKT~ simulation o f  a core consists o f  a single bundle o f  
electrically heated, filll-length rods in a 10 by 10 array. Because multidimensIona1 
effects were not the focus of the experiment, the vessel wm treated as a slab (an option 
available in TRAC) and the two-fluid equations were formulated and solved in one 
dimension, along the vessel axis. 

Vg. 10. Quench-front propagation during a rsflood test at FLECHT, 
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. . 
Fig. 11. Fluid mass exiting from the vessel during a FLECHT reflood test. 

Fig. 12. Reflux cooling plays a role in cooling the core i f  the primary pumps are 
turned off and the core is partidlly uncovered. Superheated steam from the core 
condenses in the steam generator andflows back to the core along the hot legs. 

;&f the primary system during more than 
m e  phase of a transient. These experi- 
ments involve small-break and opera- 
$ional transients at Semiscale and LOFT, 
the loss-of-fluid test facility. 

One focus of these studies is an issue 
that arose because of the Three Mile 
Island accident-the pumps on-pumps 
off issue. Is it better to turn off the 
primary pumps immediately after a 
small break or to leave them running? 

Although leaving the pumps on may 
provide better cooling initially, this ad- 
vantage may be outweighed in the long 
run by the greater loss of coolant. 

But what mechanisms are available 
for cooling the core with the pumps off? 
If the core remains covered with water, 
natural circulation, or gravity-driven liq- 
uid convection, can provide sufficient 
cooling to remove the decay heat 
through the steam generators. And if the 
core becomes partially uncovered, reflux 
cooling (Fig. 12) comes into play. Super- 
heated steam produced in the voided 
region of the core flows through the hot 
legs to the steam generators. There it 
condenses, and the water flows back 
along the hot legs to the vessel in a 
countercurrent stratified flow. 

Two tests were performed at LOFT 
(Fig. 13) to investigate the effect of 
primary pump operation on the system's 
response to a small break in a cold leg. 
During one test, the coolant pumps were 
tripped immediately after initiation of 
blowdown; during the other, the pumps 
were left on until the primary system 
pressure fell from an initial pressure of 
150 bars to 21.5 bars. 

With the pumps off, the core remained 
covered during the entire test. Figures 14 
and 15 compare TRAC-PD2 predictions 
and measured values of primary system 
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Fig. 13. Mdor components of LOFT, an 
intermediate-scale facility for integral 
loss-of coolant tests. Volume, power, and 
flow and break areas are scaled at 1 to 
60. LOFT is unusual in that it contains a 
real nuclear core rather than electric 
heaters. Breaks are simulated by the 
quick-opening valves. The suppression 
vessel colkcts the lost coolant and con- 
trols the back pressure on the vessel. 

Fig. 14. Primary system pressures during a simulated small-break loss-of-coolant 
accident at LOFT with the primury pump turned off immediately. 
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- TRAC Calculations 

I * * *  Experimental Data 

T i m  is)  

accident at LOFT with the primary pump turned off immediately. 

* 6 .  Primary system pressures during a simulated small-break loss-@coolant 
accident at LOFT with the primary pumps operating until about 2400 seconds. 

LOS ALAMOS SCIENCE 

pressure and cladding temperature. The 
initial rapid pressure decrease (Fig. 14) 
corresponds to the subcooled portion of 
blowdown; boiling and flashing account 
for the slower decrease later. At approx- 
imately 2300 seconds, the break is 
isolated (closed), and the pressure begins 
to increase and stabilizes at about 5000 
seconds. At this point, the heat removed 
by natural circulation balances the decay 
heat. The cladding temperature (Fig. 15) 
follows the saturation temperature of the 
fluid and stabilizes at about 90 kelvin 
below the initial temperature. 

During the pumps-on test, the core is 
cooled satisfactorily by the two-phase 
mixture until the pumps are turned off at 
about 2400 seconds. Note that during 
this period, the pressure and cladding 
temperature histories (Figs. 16 and 17) 
are very similar to those for the pumps- 
off test. The mass flow out the break 

is, of course, greater with the 
pumps on. When the pumps are tripped, 
steam and water separate and the upper 
portion of the core is uncovered. This 

"results in a rapid rise in cladding tem- 
perature. (A similar situation occurred 
during the Three Mile Island accident 
when the primary pumps were turned off 
by the operators). When the cladding 
temperature reached 590 kelvin, the test 
was terminated by injecting emergency 
coolant from the accumulator. Because 
TRAC slightly underpredicted the rate of 
primary system pressure decrease, it also 
predicted that the pump trip and result- 
ing temperature excursion occurred later 
(see Fig. 17). Otherwise, the calculated 
and measured histories are in excellent 
agreement. 

These studies are continuing and the 
new faster-running version of TRAC 
(TRAC-PF1) should be able to simulate 
these long (several hours) transients 
more accurately and economically. It 
will include models of stratified counter- 
current flow and feedback controls, im- 
proved models of flow at a break, and a 
more detailed representation of fluid flow 



and heat transfer in the steam generator. 
These phenomena play a larger role in 
small-break accidents than in large- 
break accidents. 

A new-generation reactor analysis 
code is also under development at Los 
Alamos. This code will address severe 
accidents for which core melting and 
relocation of core materials must be 
taken into account. TRAC's ability to 
treat the entire primary system and the 
ability of SIMMER* to treat core 
meltdown will be used extensively in this 
new effort. 

Conclusion 

In summary, results thus far indicate 
that the basic modeling and numerical 
framework in TRAC are fundamentally 
sound. Model improvements have been 
identified and will be incorporated into 
the next code version. Current applica- 
tions of TRAC include its use to analyze 
transients in full-scale pressurized-water 
reactors as part of a multinational re- 
search program on refill and reflood in 
large-scale facilities. We are applying it 
to studies of multiple-failure accidents in 
an attempt to identify accident signa- 
tures and operator actions for accident 
mitigation.** We are also using TRAC 
to resolve safety issues and licensing 
questions of interest to the Nuclear Reg- 
ulatory Commission and to evaluate 
reactor design changes. The code has 
only recently reached maturity and we 
expect it to have a major impact in all 
these areas in the coming years. 

*SIMMER is a computer program for 
fast-reactor analysis developed by the Laboratory. 
See "Breeder Reactor Strfety-Modeling the 
Impossible" in this issue. 
**See "TMI and Multiple-Failure Accidents" in 
this issue. 

17. Cladding temperatures during a simulated small-break loss-of-coolant 

Fig. 18. Fluid mass exiting porn a simulated small break in a cold leg of LOFT with 
the primary pumps operating until about 2400 seconds. 
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Might the core barrel of a nuclear reactor suffer permanent lated resulk. The left of each frame shows the deformation, 
deformation as a result of a break in an inlet pipe? The which has been magnified 200 times for clarity. On the right of 
question has been examined with coupled fluid- and structural- each frame color variations indicate the variation of pressure 
dynamics computer codes. Shown here are four frames from a differences across the core barrel. 
computer-generated movie by Rongriego dkpicting the calcu- 
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be used with confidence in the systems codes. 
The component codes do not generally employ empirical 

correlations for heat-transfer rates and other' exchange func- 
tions. Instead, we develop thermal-hydraulic models from first 
principles and test their accuracy by comparing calculational 
results with experimental data. One notable example of such 
models is a set of constitutive relations for mass and momen- 
tum exchange in the mixing of steam and water by turbulent 
motion. These constitutive relations have been tested by 
extensive comparison with experimental data and then applied 
to practical reactor problems for which no experimental data 
are available. 

Through this process of model development, cornparision 
with experiment, and application to practical problems, we not 
only establish confidence in our own computational results, but 
we also demonstrate the capability of numerical methods for 
simulating complex multifluid and fluid-structure interactions. 
Our work has therefore helped to increase confidence in the 
results of analyses with large systems codes. 

We will discuss in some detail our work on fluid-structure 
interactions and critical two-phase flow and describe briefly 
other efforts that illustrate the breadth of the modeling 
capabilities we have developed in this field. 

Fluid-S tructure Interactions 

Pressurized-water reactors operate at relatively high pres- 
sure, typically about 150 bars (about 2250 pounds per square 
inch). Consequently, a sudden break of a large inlet or outlet 
pipe will produce strong depressurization waves that can 
create very high transient stresses in the reactor structure. 
Large-pipe breaks are not expected, even as a result of 
earthquakes, corrosion, or sudden changes in reactor power. 
However, reactor systems are designed so that, should one 
occur, the reactor itself would not be damaged and no 
significant amounts of radioactivity would be released. To 
determine the margins of safety under these extreme condi- 
tions, it is necessary to calculate in detail the dynamic 
interactions between the fluid and the structural components 
following a sudden break. Below we discuss interactions with 
two specific structures, the core barrel and the control-rod 
guide tubes (Fig. 1). 

CORE BARREL RESPONSE TO INLET PIPE BREAK. A 

Fig. 1. Schemaric didgram of the pressurized-water reactor 
eonpnents discussed in the textÂ 

number of years ago, the Nuclear Research Center in 
Karlsruhe, West Germ any (Kernforsehongszentmm 
Karlsruhe) began a program to evaluate numerical models of 
fluid-structure interactions in reactors by comparing calculated 
results with experimental data. They were particularly in- 
terested in the response of the core barrel to a sudden, or 
guillotine, break in an inlet pipe. They made plans to perform 
experiments at Heissdmfreaktoraolage (HDR), an ex- 
perimental facility near Frankfurt, West Germany, and, at the 
same time, asked a number of theoretical groups, including the 
Fluid Dynamics Group at Los Alamos, to predict theresults of 
these experiments. 

During normal operation, water enters the reactor vessel 
through an inlet pipe and flows down the downcomer and up 
through the core (see Pig. 1). The core is separated from the 
dcwncomer by a cylindrical steel shell, the core barrel. The 
core barrel serves a dual function: it holds the fuel rods rigidly 
in place and separates the cold incoming water from the hot 
water rising in the core. 

Should an inlet pipe break, a depressurization, or rarefac- 
tion, wavt win propagate into the downcomer at the speed of 
sound in the water, just under 1 meter per millisecond. As the 
wave propagates down the downcomer, it leaves a low- 
pressure region behind it The resulting high pressure difference 
across the core barrel causes its outward displacement In 
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Fig. 2. Profiles of pressure drop in the downcomer showing the 
effect of wall thickness h on the wave structure of the 
rarefaction. 

addition, a precursor wave propagates down the core barrel 
ahead of the main wave in the water (the speed of sound in 
steel is about 5 times greater than in water), but its effect is 
small. The motion of the core barrel generates acoustic waves 
in the water in the core, but their effect also is expected to be 
small. 

These phenomena can be anticipated qualitatively, but five 
years ago when we undertook to quantify them, the available 
computer codes were inadequate to calculate the fluid pressure 
and the stresses in the core barrel. We needed three- 
dimensional codes for both the complex steam-water flow and 
the structural motion. 

Los Alamos Calculations. To model the fluid motion we used K- 
FIX, a code for three-dimensional flow of two compressible 
phases. This code is based on the multifield technique of 
KACHINA and includes a fully implicit exchange of mass, 
momentum, and energy between the vapor and liquid phases. 
Phase transitions and interfacial heat transfer are coupled to 
the fluid dynamics in the pressure iteration. The method 
reduces to the Implicit Continuous-fluid Eulerian (ICE) tech- 
nique for single-phase flow. 

To model the core barrel motion, we developed a special- 
purpose code called FLX that solves the Timoshenko shell 
equations with an explicit finite-difference technique. (In the 
earliest, work on this problem, the core barrel motion was 
represented by the classical theory of beams, but we rejected 
this approximation because, for example, it cannot account for 
local deformations of the core barrel, particularly where the 
cylindrical shell bulges toward the break. We also rejected the 
normal-mode description chosen by the theoretical group at 
Kernforschungszentrum Karlsruhe because it is difficult to 

formulate mathematically and cannot easily accommodate 
changes in the boundary conditions or modification to the 
structure.) Our finite-difference version of the shell equations is 
relatively straightforward and can be integrated numerically 
with the very fine time and spatial resolution needed to 
simulate the complex wave patterns generated by sudden 
loading. 

The coupling of fluid dynamics and structural motion is 
accomplished in two parts. The fluid-dynamics code computes 
the pressure gradient acting on the core barrel and this 
pressure gradient is used in the structural code that solves the 
Timoshenko shell equations. The motion of the core barrel 
changes the width of the downcomer and, through this volume 
change, affects the fluid density. The fluid-dynamics code then 
incorporates the new density and computes the corresponding 
flow and pressure fields. 

It is not necessary to use the same zoning or time steps in 
the two codes. In fact, we usually run the structural code with 
a time step less than a tenth of that used in the fluid-dynamics 
code because of the relatively high sound speed in the steel 
core barrel. 

To illustrate how the stiffhess of the core barrel affects the 
propagation of the depressurization wave in the downcomer, 
we present in Fig. 2 some calculations performed with the 
coupled code. Shown are the pressure profiles in the down- 
comer at one point in time for three different thicknesses. A 42- 
centimeter-thick core barrel acts as if it were rigid. With a 
thickness of 5.8 centimeters (typical of reactor geometries), the 
elastic motion of the core barrel produces significant oscilla- 
tions in the pressure profile. The oscillations increase in 
amplitude as the wall thickness is decreased further. The 
calculations show that the pressure drop behind the depres- 
surization wave and the wave speed both increase with 
increasing stiffness of the core barrel. We have derived an 
approximate analytic expression for the average wave speed c. 

where cO is the speed of sound in the water, p is the density of 
the water, a and h are the radius and thickness, respectively, of 
the core barrel, b is the width of the downcomer, and E 
represents Young's modulus. This expression, like the calcu- 
lation, shows the wave speed increasing with wall thickness. 
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Fig. 3. Comparison of (a) HDR, the Wist GermanfiwBltf at 
which the depressurization experiments were performed, and 
(b) a typical pressurized-water reactor. The HDR mass ring 

The HDR Experiment. In June 1980, the first of a series of 
experiments was carried out at HDR (Fig. 3). The fuel rods are 
simulated by a 10-metric-ton ring supported at the bottom of 
the core barrel. The height of the facility is typical of 
pressurized-water reactors, but its diameter is considerably 
smaller. 
- The response of the HDR core barrel to a guillotine break in 
a cold leg was monitored with about 75 instruments (pressure 
gauges, accelerometers, and strain gauges) that had been 
carefully selected and tested to operate at the temperature and 

is?imUfates the mass of the fuel rods. Dimensions are in 
millimeters. 

pressure typical of a pressurized-water reactor. The initial 
temperature (540 kelvin) and pressure (1 08 bars) were supplied 
by electric heaters. 

Before the experiment was carried out, six United States and 
West German groups calculated the response of the core barrel 
to a sudden break and submitted the pretest results to the 
Kernforschungszentrum Karlsruhe. The Los Alarnos predic- 
tions for the pressure distribution and deflection of the core 
barrel at four times are shown in the opening figure. The core 
barrel undergoes transient oscillation but exhibits no per- 
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Fig. 4. Comparison of Los Alamos pretest prediction and HDR measurement of the 
pressure difference across the core barrel (at 330 cm below the inlet pipe) caused by a 
guillotine break in the inlet pipe. 

Fig. 5. Comparison of Los Alamos pretest prediction and HDK kneasurement of the 
displacement of the core barrel (at 330 cm below the inlet pipe) caused by a guillotine 
break in the inlet pipe. 

manent deformation. Figures 4 and 5 show the good agree- achieved would not have been possible in a shorter time. 
ment between the Los Alamos calculations and the experimen- The structure and fluid flow in HDR are simplified compared 
tal data. This good agreement prompted a recent workshop on to an operating reactor, but the comparison with experiment 
the HDR test to recommend that the Los Alamoa coupled code demonstrated that good predictions are possible. Commercial 
be used for the official posttest calculation. power reactors present many features in addition to those 

The good agreement between our calculations and the included in the HDR test, such as fuel rods, support plates, 
experiment is due in large part to the long lead time available to complex pipe breaks, and various flow restrictions. Accounting 
us. The coupled code evolved over a period of about five years, for these additional features will require a significant amount of 
even though many of the techniques were already in hand at additional work, but we feel that the capability for accurate 
the beginning of the program. The level of accuracy finally calculations has been demonstrated. 



Fig. 6. Upper plenum of the pressurized-water reactor chosen 
for analysis of the effect of an outlet-pipe break on the 
displacement and possible deformation of the control-rod guide 
tubes. (We based our computer model on many of the features 
found in the West German Babcock-Brown Boveri reactor.) 
The top view (a) shows the location of the 89 control-rod guide 
tubes enclosed within the plenum cylinder, and the cross- 
sectional view @) shows the large and small holes in the 
plenum cylinder through which water flows from the core to 
the outletpipes. Fourteen large holes are distributed untformly 
around the cylinder at a high level, and two diametrically 
opposite sets of three large holes arepositioned at a lower level 
90Â from the outlet pipes. Two sets of 37 small holes are 
directly aligned with the outlet pipes. This hole arrangement, 
which forces much of the water to make a circuitous exit from 
the plenum to the gap between the plenum cylinder and the 
core support, affords the guide tubes some protection from the 
effects of a rarefaction wave resulting from sudden depres- 
surization in an outlet pipe. 

CONTROL-ROD GUIDE TUBE RESPONSE TO OUTLET PIPE 
BREAK. Another fluid-structure interaction of importance is 
the effect of an outlet-pipe break on the control-rod guide tubes 
in the upper plenum of a pressurized-water reactor (see Fig. 1). 
Would the guide tubes be deformed to such an extent that the 
control rods could not be lowered to shut down the reactor? 

Analysis of this interaction involves the complex geometry . 

of the upper plenum and the response of many guide tubes. 
The upper plenum of the reactor we analyzed (Fig. 6 )  included 
an arrangement of small and large holes in the plenum 
cylinder. This hole arrangement, which forces much of the flow 
to follow a circuitous path through the upper plenum, posed a 
particularly dimcult modeling problem. 

A three-dimensional fluid-dynamics code with considerable 
flexibility was required for the analysis. We chose SALE-3D, an 
implicit, three-dimensional, Arbitrary Lagrangian-Eulerian 
code that allows calculations in all flow-speed regimes. Written 
for the Cray computer, this code is particularly applicable to 
flows in highly complex geometries. It not only allows 
nonuniform zoning and curved boundaries, but, because it 
takes advantage of the high processing speed and large storage 
capacity of the Cray computer, it can also model geometric 
details with an accuracy never before practical. SALE-3D is 
used in tandem with a structural-response code that determines 
the guide-tube dynamics. 

The fluiddynamics computing mesh for the upper plenum 
(Fig. 7) is generated by distorting a Cartesian block of cells 52 
across, 26 deep, and 10 high. The mesh approximates the 
circular cross section of each guide tube by 4 cells that form an 
octagon. The computing technique of SALE-3D permits the 
mesh to move with the fluid in a Lagrangian fashion, remain 
fixed in an Eulerian manner, or move in some arbitrarily 
specified way to provide a continuous rezoning capability. 

Because early calculations had indicated that the elastic 
limit was likely to be exceeded for a number of the guide tubes, 
the goal of our analysis was an accurate assessment of the 
plastic response and resulting deformation. For this purpose, 
we subdivided each tube segment in the structural model into a 
set of 20 equal angular elements and used a sublayer model 
within each element to represent strain hardening. The struc- 
tural-response code calculates the stresses, strains, deflections, 
and velocities in the horizontal plane for every segment of each 
guide tube, and also makes a record of those elements 
undergoing maximum stress and strain. 
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Fig. 7. Perspective view of the fluid-dynamics computing mesh 
for the upper plenum, which is created from a block of cells 52 
cells wide, 26 cells deep, and 10 cells high. The front of the 
mesh lies on the symmetry plane that cuts through the midlines 
of the outlet pipes. 

The transient calculation begins with a series of pressure 
changes at one of the two outlet pipes to simulate the 
depressurization resulting from a break. SALE-3D calculates 
the lateral forces on each guide tube at ten elevations, and 
these forces are then used to determine the guide-tube 
dynamics. The structural-response code returns the velocities 
for each elevation of each guide tube to SALE-3D. The guide- 
tube velocities are then applied as a boundary condition on the 
fluid flow. This interaction fully couples the fluid and structural 
dynamics. A plot of the velocity vectors in the fluid during 
depressurization is shown in Fig. 8. As a result of the fluid 
acceleration following depressurization, the transient speeds 
are nearly two and one-half times the steady-state values. 

Fig. 8. Calculated velocity vectors showing the /low of water level of the sets of three large holes in the plenum cylinder, (c) 
during a depressurization resulting from a break in the outlet at the horizontal level of the sets of seven large holes in the 
pipe on the right. Shown are the vectors at (a) a horizontal plenum cylinder, and (d) across the vertical symmetry plane. 
level near the bottom of the outlet pipes, (b) at the horizontal 
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In this analysis, the water is assumed to persist in the liquid 
state throughout the early, most violent stages of depres- 
surization. This assumption is based on the hypothesis that the 
initial pressure drop is the largest, and that it brings the fluid 
nearly to saturation. Subsequent pressure drops to levels low 
enough to initiate steam formation will be milder. Thus the 
greatest potential for damage occurs during the single-phase 
flow. 

For damage assessment, it is the structural deformation that 
serves as the principal result from our analysis. The time 
histories of stresses and strains experienced by the guide tubes 
indicate that a break of an outlet pipe may cause significant 
plastic deformation in a number of the guide tubes. 

These preliminary SALE-3D results demonstrate a new 
capability in modeling complex reactor flows. A more com- 
prehensive program of study and comparisons with a variety 
of experimental data will be required to verify the code. 

NEW CODES FOR FLUID-STRUCTURE CALCULATIONS. 
Other postulated breaks in a pressurized-water reactor can 
cause fluid-structure interactions. For example, a break in a 
steam generator would involve the barrier between the primary 
and secondary coolant circuits. Analysis of breaks in this 
structure is in a very primitive stage, but we anticipate that 
increasingly sophisticated methods will be developed to ad- 
dress such problems. 

The analyses described above are carried out with general- 
purpose codes adapted to specific accidents. The ease of 
modifying these relatively simple codes permits the users to 
apply ingenuity and insight in solving particular problems. 
From a practical point of view, fluid-structure interactions are 
too complicated and too varied to be analyzed with a single 
general-purpose code. A more useful computational tool would 
be a family of versatile fluid and structural codes that can be 
coupled in various combinations, and indeed this is the 
direction in which investigators are moving. 

Critical Flows in Two-Phase Systems 

One of the most important phenomena determining the 
duration of the depressurization, or blowdown, phase of a 
large-break loss-of-coolant accident is the rate at which 
coolant exits from the broken pipe. We know from observation 
that the flow out the break reaches a maximum value 

independent of the pressure difference between the inside and 
the outside of the pipe break, provided that the pressure 
difference is greater than a critical value. This limiting flow 
phenomenon is called critical, or choked, flow. It is well 
understood for single-phase compressible fluids, but, at the 
time we began our study, thermodynamic models and one- 
dimensional fluid-dynamic calculations of two-phase critical 
flow often did not accurately predict the observed data. 
Calculated values of critical flow velocities were usually too 
large and had to be multiplied by empirically determined 
factors known as break-flow multipliers to achieve agreement 
with measured values. Our studies, based on a two- 
dimensional theory, show that nozzle geometry and non- 
equilibrium effects must be included to predict the critical flow 
velocity accurately. 

When a single-phase compressible fluid flows through a 
nozzle, the critical flow velocity equals the speed of sound at 
the nozzle throat. The physical explanation is simple: When 
the fluid is moving with the speed of sound, a downstream 
pressure disturbance propagates upstream as fast as the fluid is 
moving downstream, so the net propagation of the disturbance 
is zero. Therefore, under critical flow conditions, the nozzle 
throat acts as a barrier to any downstream pressure changes. 
The limiting flow velocity can be altered only by changing the 
conditions upstream of the throat. 

A vapor-liquid mixture, which is also a compressible fluid, 
exhibits a similar but much more complicated phenomenon. 
The critical flow velocity is still the sonic velocity at the throat, 
but the sonic velocity is affected by vaporization along the 
accelerating flow path, by the spatial distributions of the liquid 
and the vapor, and by nonequilibrium effects that occur when 
the liquid phase superheats because of rapid depressurization. 
The sonic velocity in a homogeneous two-phase mixture can be 
far less than the sonic velocity in either of the separate single- 
phase components. This reduction is attributed to the vapor's 
acting as a weak spring coupled to the large liquid masses. 

TWO-DIMENSIONAL FLUID EQUATIONS. For the relatively 
high flow rates characteristic of critical flows, we assume a 
homogeneous model for a steam-water mixture in which both 
phases move at equal velocities and are at the same tem- 
perature. (Because this temperature is not necessarily the 
saturation temperature of the mixture, the homogeneous model 
does not imply thermal equilibrium.) In a two-dimensional flow 
region of variable thickness, the equations governing the two- 

LOS ALAMOS SCIENCE 



DETAILED STUDIES OF REACTOR COMPONENTS 

phase mixture density p, the velocity components u and v, and 
the internal energy I are 

and 

where p is the fluid pressure and A is the thickness of the flow 
region normal to x and z. These equations are derived from the 
three-dimensional equations by integrating the latter over the 
thickness A in the third direction and assuming negligible 
variation of all dependent variables in this direction. Effects of 
gravity and wall friction are neglected because of the high flow 
velocity and relatively short nozzle length. 

To compute two-dimensional flow in cylindrical (r ,z) 
geometry, the thickness A and the coordinate x are identified 
with the radial coordinate r. To compute one-dimensional axial 
flow in a variable area pipe, A is set proportional to the cross- 
sectional area of the pipe, u is held identically zero, and all x- 
derivatives are omitted from the equations. This latter situation 
arises automatically in the numerical solutions when the fmite- 
difference mesh is defined to be only one cell wide in the x- 
direction. 

Equations 2-5 must be supplemented by an equation for the 
macroscopic vapor density a p ,  where p is the microscopic, or 
thermodynamic, vapor density: 

Here, r is the rate of production of vapor mass per unit 
volume. 

The form of the phase-change model embodied in I- is 
crucial if nonequilibrium effects are to be predicted correctly. 
Although we can only approximate the microphysical 
phenomena involved in vaporization, we have been able to 
develop a nonequilibrium phase-change model that works well 
for predicting critical flows. This model is discussed later. 

EQUILIBRIUM TWO-DIMENSIONAL CALCULATIONS OF 
CRITICAL FLOW RATES. Using the homogeneous two-phase 
mixture model described above, we calculated the critical flow 
rate for a blowdown experiment at the Semiscale test facility. 
Serniscale is a small-scale version of a pressurized-water 
reactor primary system for studying loss-of-coolant accidents 
resulting from the break of a large cooling pipe. In the 
experiment (hat we analyzed the pipe break was simulated by a 
nozzle known as the Henry nozzle (Fig. 9). We used the 
conditions measured a short distance upstream from the nozzle 
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Fig. 10, Measured and calculated average mass fluxes as a Fig. 11, Measured and cakuloted pressures at nozzle throat 
function of nozzle exit presswe at 15 seconds into blowdown entrance as a function of nozzle exit pressure at 15 seconds 
test S-02-4 at Semiscak. into blowdown test S-02-4 at Semiscale. 

entrance as boundary conditions for our calculations and 
solved the fluid equations in the immediate neighborhood of 
the nozzle. 

Our initial calculations involved determining the critical flow 
rate 15 seconds after blowdown began. At 15 seconds, the 
vapor volume fraction is fairly large and the flow rate is likely 
to be independent of the vapor production rate, so we assumed 
an equilibrium phase-change model. In other words, I' was 
chosen large enough to maintain the vapor and the liquid at the 
saturation temperature for each value of the local pressure. 
The boundary conditions upstream of the Henry nozzle 
entrance were 48 bars for the pressure, 534 kelvin for the 
temperature, and 56 kilograms per cubic meter for the mixture 
density. 

We varied the pressure at the nozzle exit between 45 and 10 
bars. For selected pressures in this interval, the computations 
were carried out until the flow reached a steady state, typically 
at 8 milliseconds after starting the flow from rest. The 
computed average mass flux and throat pressure are shown in 
Figs. 10 and 11. Figure 10 indicates that the flow reaches a 
limiting value as the exit pressure is reduced. The computed 
critical flow value is in good agreement with the measurements 
without the use of a break-flow multiplier or any other 
adjustment. The corresponding one-dimensional calculations 
also exhibit a critical flow as the exit pressure is reduced, but 
the computed mass flux must be multiplied by 0.833 to agree 
with the data. 

To understand the nature of the two-dimensional effects, we 
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Fig. 12. Design of the nozzle normally used at the LOFT 
facility to simulate p@e breaks. The LOFT nozzle has a more 
abrupt throat entrance than does 'lie Henry nozzle. Flow is 
from l^ft to right. 

carried out one- and two-dimensional calculations for a similar 
experiment in which the Henry nozzle was replaced by the 
nozzle design used at the LOFT (loss-of-fluid test) facility. 
Although the abrupt entrance to the throat of the LOFT nozzle 
(Fig. 12) would seem more likely to exhibit two-dimensional 
effects than the tapered entrance to the Henry nozzle throat, 
our one-dimensional results for the LOFT nozzle need only a 
small correction to agree with the two-dimensional calculation. 

We studied the effect of entrance geometry further with a 
two-dimensional calculation for a Henry nozzle modified so 
that the entrance to the throat was abrupt rather than tapered. 
This change in geometry produced only a small change in the 
mass flow rate and the throat pressure. 

Next we investigated the effect of varying the ratio of throat 
length to throat diameter for the general geometric configura- 
tion of the LOFT nozzle. Figure 13 shows the break-flow 
multipliers required to reach agreement between one- and two- 
dimensional calculations for various ratios. If the throat length 
is short relative to its diameter, twodimensional effects are 
large. But for ratios greater thin about 5, two-dimensional 
effects are no longer important and the exit flow can be 
described by a one-dimensional calculation. 

A detailed look at the velocity profiles explains this effect. 

Fig. 13. Effect of the nato of throat length L to throat diameter 
D on the cakulatd break-flow muhiplier. DifTerent LfD ratios 
for the L0FTnmz.k were obtained by varying L as Indicated. 

At the throat entrance the radial velocity components are 
negative and, accordingly, accelerate the central axial veloc- 
ities. Therefore, a strong radial velocity gradient develops in 
the entrance region. At a short distance downstream, the radial 
velocity components become positive and transfer momentum 
rapidly outward from the center. Here, approximate one- 
dimensional velocity distributions develop. However, if the 
throat length is too short for the flow to develop a one- 
dimensional velocity profile, the one-dimensional models will 
require a break-flow multiplier to agree with observed data. 
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EFFECTS OF NONEQUILIBRIUM PHASE CHANGE. The 
calculations presented so far have corresponded to 
homogeneous equilibrium phase change. To assess the relative 
importance of nonequilibrium phase change, we calculated the 
mass flow rates at the nozzle exit during the first 20 seconds of 
blowdown using two phase-change models, the equilibrium 
model described above and a model in which the phase change 
is zero. Figure 14 shows the calculated values and experimen- 
tal data for the Henry nozzle. The values were obtained by 
multiplying the results of a one-dimensional calculation by the 
calculated break-flow multiplier for the Henry nozzle. 

During the first 3 seconds of blowdown the fluid entering the 
nozzle is single-phase liquid. Its temperature is initially 28 
kelvin below the saturation temperature, but, as the pressure 
decreases, the fluid rapidly reaches the saturation point and 
becomes superheated. The fact that the data lie between the 
calculated extremes indicates that nonequilibrium phase 
change occurs during these first few seconds. 

After 3 seconds, when a two-phase mixture enters the 
nozzle, the calculation with equilibrium phase change agrees 
with the data. Finally, after 10 seconds when the mixture 
entering the nozzle is mostly steam, the calculated mass flow 
rates for both vaporization models coincide with each other 
and agree with the data. The flow rate is independent of the 
vapor production rate and is solely determined by the up- 
stream conditions. 

To calculate the nonequilibrium effects during the first 3 
seconds, we need a detailed model of nonequilibrium vapor- 
ization. In a stationary environment, depressurization would 
lead to vapor production and bubble growth with the growth 
rate controlled by heat conduction to the bubble surface 
according to the relation 

where r is the bubble radius, p, is the microscopic liquid 
density, a, is the liquid thermal diffusivity, C, is the liquid 
specific heat, TI is the bulk liquid temperature, I,,, is the 
saturation temperature, and L is the heat of vaporization. 
During the depressurization and acceleration of the fluid 
through a converging nozzle, the bubble growth rate varies 
because Tat  and p depend on the pressure and T, decreases as 

heat is used to vaporize the liquid. The instantaneous bubble 
radius thus depends on the entire bubble history. 

The vapor volume fraction a is related to r and N, the 
number of bubbles per unit of mixture, by 

Combining Eqs. 7 and 8 we derive the following expression for 
r. 

For application to the highly dynamic environment of a 
critical flow, we retain the form of Eq. 9 but choose a liquid 
thermal diffusivity and bubble radius that reflect the combined 

Fig. 14. Measured and calculated mass /low rates during the 
first 20 seconds of blowdown test S-02-4 at Semiscale. The 
calculations are based on two phase-change models, an 
equilibrium model and a model in which the phase change is 
zero. 
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Fig. IS. Measured and cakulated mass flow rates during the 
first 20 seconds ofblowdown test ,9424, The cakulations are 
based on nonequilibrium and equilibrium phase-change mod- 
els. 

effects of relative motion and turbulence. These modifications 
allow the model to approach the correct limit in a quiescent 
environment. 

In general, there is a spectrum of bubble radii, but we choose 
tile critical radius for bubble breakup to characterize this 
spectrum. We determine an initial bubble radius by specifying 
initial values o f N  and a. The bubbles grow according to Eq. 7 
with a, replaced by a, a liquid thermal diffusivity enhanced by 
relative motion and turbulence. Consequently, the bubbles 
grow faster than the conduction-controlled rate. The bubbles 
continue to grow until they reach a critical size, determined by 
a Weber number criterion, and then begin to break up. The 
Weber number characterizes the competition between the 
dynamic forces that lead to bubble breakup and the restoring 
force of surface tension. From this point on, the typical bubble 
radius is taken as the critical radius and the specified initial 
number of bubbles no longer plays a role. 

The critical radius for bubble breakup is given by 

where a is die surface tension and Ã is the relative speed 
between the bubble and the surrounding fluid. To include the 
contribution of local turbulent fluctuations in the liquid to the 
relative speed we write i as 

where v,  is the liquid speed and $ is a function of vapor 
fraction. We choose values of consistent with observed 
turbulent velocity fluctuations, which are generally less than 10 

per cent of the mean flow velocity. Toward the middle vapor- 
fraction range, 6 increases because of increased turbulent 
mixing from the higher shear flow associated with thinning 
liquid sheets. The increase in may also result from an 
increase in mean relative velocity. 

The enhanced liquid thermal diffusivity a that replaces a, in 
Eq. 9 is 

where B is an empirically determined dimensionless constant. 
The value of B == 0.1 matches the flow rate data for the 
Semiscale tests. The range of applicability of this value can 
only be accurately established after extensive data com- 
parisons. 

In Fig. 15, the nonequilibrium results for the mass flow rate 
during blowdown are compared with the data for the Henry 
nozzle from Fig. 14. The nonequilibrium results agree very well 
with the measured mass flow rate during the entire period of 
blowdown. However, at early times the calculated throat 
pressures (Fig. 16) are higher than the measured wall pressures 
at the throat entrance. This difference is probably caused by a 
rarefaction region in the proximity of the comer that is not 
modeled by the one-dimensional calculation. 

Fig. 16 Measured and calculated pressures at entrance to 
nozzle throat during the fist 20 seconds of blowdown test 
S-02-4 at Semiscale. The calculations are based on non- 
equilibrium and equilibrium phase-change models. 

LOS ALAMOS SCIENCE 



In addition to  these small-scale tests, the nonequilibrium greater than 1 bar, Pipe diameters ranged from 75 centimeters 
model has been tested against data obtained from the full-scale down to a few centimeters. We encountered no scaling 
critical flow project at the Marviken facility in Sweden, from problems in going from small- to full-scale geometries because 
the low-pressure MOBY DICK loop at the Nuclear Studies the nonequilibrium model is based on local flow and 
Center in Grenoble, France, and from the low-pressure critical thermodynamic conditions. 
flow loop at Brookhaven National Laboratory. These tests This study has proved to be an important contribution in 
involved fluid pressures from about 90 bars down to slightly predicting two-phase homogeneous critical flows through 
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nozzles. We have shown that two-dimensional geometric the component studies carried out in the Fluid Dynamics 
effects not accounted for in one-dimensional calculations Group. To illustrate the broad applicability of the numerical 
reduce the critical flow rates and therefore extend the duration: techniques developed for reactor safety, four other studies are 
of blow down. We have also shown that nonequilibrium effects described briefly in the accompanying illustrations. One con- 
reduce the duration of blowdown because they increase the cerns liquid-metal fast breeder reactors, and the others deal 
sound speed and therefore the critical flow rates. with pressurized-water reactors. 

The problems discussed above are only a small sampling of 
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by John I%= Ireland, James H. Scott, and Wiiliam R. Stratton 
- . , - - -  

7 he events at Three Mile Island beginning on March 28, 

1 1979 caught everyone by surprise, including the safety 
analysts at the national laboratories. A serious accident 
involving damage to the reactor core was totally unan- 

ticipated. The general confusion during the crisis was evident to 
everyone and the need for better operator training and emergency 
planning has been well publicized. But the attempt by research 
scientists to help during the accident and their subsequent efforts to 
determine what had happened and to help prevent such accidents in 
the future are less well known. 

The accident (Fig. 1) began during attempts to unclog a pipe 
iding from the demineralizer in a secondary loop of the reactor. A 
mbination of malfunctioning valves in the demineralizer and 
~cked valves in a backup safety system stopped the flow of 
:dwater to the steam generators. The turbine tripped automaticallyy 
d the reactor scrammed shortly thereafter. With no heat removal 
-ough the steam generators, the primary system pressure rose. The 
ot-operated relief valve opened to reduce the pressure, andy 
beknownst to the operators, it stuck in the open position and 
nained in that state, undetected, for about 150 minutes. During. 
it time, the resulting loss of coolant and pressure decrease in the 
mary system caused a buildup of steam. Then, when the primary 
mps were turned offy steam separated from the coolant and 
~tinued to build up in the reactor vessel until it surrounded the 
per part of the core. Because slowly moving steam is a poor 
~lant, the core temperature rose and the cladding around the he1 
;an to fail. The loss of coolant was fmally haltedy but the damage 
itinued until about 200 minutes into the accident when the 
ergency cooling p u p s  were turned on at full throttle and 
looded the core. At that time the core was severely damaged, and 
primary system contained large quantities of steam and hydrogen 
t impaired the flow of coolant through the core. The operators 
lized that the core may have been uncovered, and throughout the 
t day they struggled to establish stable conditions. 
rhe seriousness of what had occurred was not generally realized 
il late the next day when a pressure spike on the monitor printout 
n the previous day gave evidence that hydrogen had burned inside 
containment building. Evidently, severe overheating of the core 
I caused the cladding to react with steam and produce large 
mnts of hydrogen, some of which escaped to the containment 
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through the open relief valve. The discovery led to the fiighteningy 
but perhaps unwarranted, concern about a possible hydrogen 
explosion in the reactor vessel. 

At this point the research division of the Nuclear Regulatory 
Commission began calling the national laboratories, including Los 
Alamos. 

The scientists were as unprepared as the immediate participants to 
handle the ongoing crisis. There were no sophisticated computer 

continued on page 78 
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1 B I O C ~  Valve L :d, pressurizer 

Reactor 

\ 
Makeup 

Fig, 1 .  This diagram of the Three Mile Island Nuclear Power 10 s 

Station's Unit 2 reactor system shows one of its two primary (04:00:47) 

coolant loops and all other system components important to 
the accident. The time sequence outlined below includes some 16 s 

system responses that are known only from later analyses. (04 :00:53) 

ELAPSED  TIME^ SYSTEM RESPONSE or OPERATOR ACTION 
2 min 

0 Feedwater pumps trip. Turbine trips automatically. I (04 :02 :37) 

(04:00:3 7) Auxiliary feedwater pumps activate, but valves in this 
line are closed. Primary system pressure increases as 
heat exchange in the steam generator decreases. 

6 s Pilot-operated relief valve on the pressurizer opens to 

(04:00:43) relieve excess pressure. Vented steam flows to the 
drain tank in the containment building. 

4 min 
(04 :04:3 7) 

Reactor scrams automatically because of high pres- 
sure signal, and nuclear heat generation decreases to 
decay heat only. Primary system pressure decreases. 

Pilot-operated relief valve fails to reclose although 
operators receive information to the contrary. 
Coolant escapes through the stuck-open valve to the 
drain tank. 

Pressure falls to point where high-pressure injection 
system activates automatically to compensate for 
coolant loss through the stuck-open valve. 

Pressure-relief valve on drain tank opens. Some 
coolant, which is (as usual) very slightly radioactive, 
escapes from the tank to the containment, collects in 
the sump, and is pumped to storage tanks in the 
auxiliary building. 
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THREE MILE ISLAND and Multiple-Failure Accidents 

Auxiliary building storage tanks overflow. Some 
radioactive materials escape to the environment 
through the building's vent stack. 

COOLING TOWER 

lh, 13 min 
(05:13:37) 

Operators turn off primary pumps in B loop because 
the steam in the system causes them to vibrate 
excessively. 

Operators turn off primary pumps in A loop for the 
same reason. With no forced circulation, steam and 
water separate in the core. Cooled only by steam 
along some portion of their length, the fuel rods begin 
to heat 

2h, 20 min 
(06 :20:3 7) 

Operators close a block valve upateam of the pi- 
lot-operated relief valve. Although this actions halts 
the loss of coolant, it also halts the cooling provided 
by steam escaping from the pressurizer. The fuel rods 
heat more rapidly, and eventually cladding and steam 
react and produce hydrogen. Cladding failure and 
structural damage to the core begin to occur. 

2h, 54 rnin 
(06:54:37) 

Operators restart a primary pump but turn it off after 
19 minutes because it is not running properly. 

Pressurizer block valve is opened and then closed 5 
minutes later: Steam flow out the block valve pro- 
vides some core cooling. 

Operators increase high-pressure injection flow for a 
few minutes. This action probably covers the core 
with water, but coolant flow is impeded by steam and 
hydrogen in the primary system and by the core's 
altered configuration. To collapse the steam bubbles, 
operators alternately inject water through the 
high-pressure injection line and vent excess pressure 
through the pilot-operated valve. These "feed and 
bleed'' maneuvers are hampered by the noncon- 
densible hydrogen. 

5 rnin 
(04 :05 :37) 

High water level in the pressurizerleads operators to 
throttle high-pressure injection system and drain 
water through the letdown line. After this time, 
emergency coolant flow is insufficient to balance the 
losses through the pilot-operated relief valve and the 
letdown line. 

Primary system pressure falls to point at which the 
coolant beings to boil. 

Operators note a pressure spike on a graph of the 
pressure within the containment building, but do not 
recognize the spike as evidence of a hydrogen bum in 
the containment. 

Operators open closed valves in auxiliary feedwater 
line, but coolant loss, pressure decrease, and steam 
formation continue. Operators are at a loss to 
understand what is going on. 

15h, 50 rnin 
(19:50:37) 

Operators activate a primary pump and achieve 
forced circulation. The system reaches a relatively 
stable condition, but it is not until almost a month 
later that "cold shutdown" is effected. 

8 rnin 
(04 :08 :3 7) 

Drain tank ruptures and more coolant escapes to the 
containment and is pumped to the auxiliary building. 

'The TRAC analysis used the times given here, which h a y  differ from those 
given in other reports of the accident. 
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continued from page 75 

tools to model an accident involving core damage. When Los 
Alamos was asked to estimate the extent of damage to the core and 
the amount of hydrogen that might have been produced, the 
scientists had to resort to hand calculations. They were also asked to 
use TRAC to estimate the amount of water that had been lost from 
the primary system, but without detailed specifications of the Three 
Mile Island plant, computer calculations were no better than rough 
estimates. 

Although Los Alamos scientists and others around the country 
responded with the urgency required by the situation, it is clear that 
their help had little impact on the course of the accident. It was the 
operators and engineers at the site who, through skillful manipulation 
of the cooling systems, reduced the steam and hydrogen bubbles in 
the primary system and brought the reactor into a stable cooling 
mode with no major radiation release.* They and the in-depth safety 
systems must be given, the credit for bringing the accident to a close 
with no injuries to the public. 

It appears that accidents must be managed by people at the site 
who are familiar with the plant and the details of the immediate 
situation. The role of the laboratories is to work on preventive 
measures so that when something does go wrong there is a 
storehouse of knowledge that can guide the management of the 
accident 

TRAC and TMI 

The first job after the Three Mile Island accident was to 
understand what had happened and why. Many Laboratory person- 
nel lent their technical expertise to the investigations that followed,** 
but the most substantial contribution was a detailed calculation of the 
conditions inside the reactor during the early stages of the accident. 
Los Alamos had the only computational tool available to model the 
thermal hydraulics of the accident in a realistic fashion, the 
state-of-the-art systems code known as TRAC. 

Because the current version of TRAC (TRAC-P1A) did not include 
the effects of altered core geometry or of noncondensible gases (such 
as hydrogen), the Laboratory was asked by the President's Com- 
mission on the Accident at Three Mile Island for an analysis covering 
only the initial 3 hours of the accident before substantial core damage 

occurred. Los Alamos was also asked for an estimate of the total 
core damage up to 3.5 hours based on calculated temperatures and 
pressures and for analyses of postulated accident variations to 
determine the impact of operator actions on the course of events. 
This information was submitted to the President's Commission and 
to the Nuclear Regulatory Commission's Special Inquiry Group in 
September 1979. 

The Los Alamos calculations were the first calculations of the 
accident and also the first test of TRAC on a full-scale system. These 
early results have not changed substantially over the last two years 
and agree to a large extent with later independent analyses. 

It is generally agreed that the severity of the Three Mile Island 
accident was due in large part to inappropriate operator actions and 
inadequate emergency operating procedures. For the purpose of 
analysis, however, it may be characterized dispassionately as a 
small-break loss-of-coolant accident with degraded emergency 
coolant injection. 

Analysis of such a transient with TRAC posed only one difficulty. 
TRAC was specifically designed for analysis of design-basis loss-of- 
coolant accidents that last, not several hours, but several minutes. 
For analysis of short-duration transients, a reactor system is divided 
into a large number (about 750) of fairly small computational cells. 
To ensure stability and accuracy of the sophisticated numerical 
methods included in TRAC, small time steps (about 5 milliseconds) 
must accompany small computational cell lengths. But small time 
steps would imply unreasonably long computing times for analysis of 
a 3-hour transient. Therefore, the TRAC analysis of the Three Mile 
accident was based on a model of the Unit 2 reactor (Fig. 2) 
consisting of less than 100 cells.*** It was not certain beforehand 
whether this small number of cells would yield acceptable results. 
However, the model was judged adequate on the basis of a TRAC 
steady-state calculation that produced results in good agreement with 
plant data. These results were used as initial conditions for the 
transient calculation. 

Other input to the transient calculation included a sequence of 
events (initiated by operators or by plant controls) and boundary 
conditions specifying the variation during the transient of reactor 
power, primary pump speed, high-pressure injection flow, steam 
generator feedwater flow, and back pressures on the pilot-operated 
relief valve and the steam generator lines. Because the available plant 

*The Department of Energy Emergency Response Teams made an accurate measurement of the escaped 
fission products on the afternoon of the first day. The total radiation released during the accident resulted 
in an average exposure of l millirem to persons living within 50 miles of the plant and 6.5 millirems to 
persons within 10 miles. The sidebar "Good News about Iodine Releases" discusses some important 
findings about radiation releases during the accident. 
**See sidebar "Los Alamos Assistance to TMI Investigations." 
***Even so, about 15-20 hours on a CDC-7600 computer were required for analysis of the accident and a 
total of about 200 hours for analyses of both the accident and its postulated variations. 
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THREE MILE ISLAND and Muhiple-Fedlure Accidents 

Fig. 2. Schematic o f  the TRAC computing mesh for the two 
primary coolant loops of Three Mile Island Unit 2 reactor. To 
reduce the number of cells, the mesh represents the two cold 
'legs in each loop by a single cold leg. The reactor vessel mesh, 
divided into nine axial levels, ikbides four lumped fuel rods to 
model heat transfer between fuel rods andfluid. (The actual 
core contained 177 fad-rod assemblies, each with 208 fuel 
rods.) Theflow through the pilot-operated relief valve and the 

data were incomplete, reasonable assumptions had to be made for a 
number of variables, including the flow-rate histories for the 
high-pressure injection and letdown systems. (Water is removed from 
the primary system through the letdown system for purification or to 
reduce the primary system pressure or the pressurizer water level.) 

Results of the transient calculation are displayed in the sidebar 
"TRAC Analysis of the Three Mile Island Accident." Calculated 
values for the primary system pressure, primary coolant temperature, 
and pressurikr water level agree well with the available plant data 
and are helpful in reconstructing the course of the accident. 

This good agreement lends high credibility to the TRAC-calculated 
fuel-rod temperatures. These values were important for estimating 
core damage and were not available from plant data because the 
thermocouples for the fuel rods covered only the range of tem- 
peratures expected during normal operation. The calculated fuel-rod 
temperatures indicate that core voiding (the buildup of steam in the 

LOS ALAMOS SCIENCE 

upper part of the pressurizer was cakulated by using very fine 
noding and the fully implicit hydrodynamics option. Known 
system conditions were used as boundary conditions/or the 
once-through steam generators. The high-pressure injection 
and letdown lines were modeled as positive and negative jlow 
boundary conditions, respectively. Neither the accumulators 
nor the action of heaters and sprayers in the pressurizer were 
modeled. 

core) began at about 100 minutes into the accident-when the last of 
the primary pumps were turned off and forced circulation stopped. 

The TRAC-calculated core liquid levels also show that core voiding 
began at this time. In addition, they indicate that only about the 
lower quarter of the core was water-covered at approximately 3 
hours. (As is well known, the absence of instrumentation to measure 
liquid levels in the core was a major factor leading to escalation of 
the accident.) 

The graph of core liquid levels also shows the results of an analysis 
by the Nuclear Safety Analysis Center, an arm of the Electric Power 
Research Institute. Using data from neutron monitors in the 
containment building, this group calculated the level of a steam-water 
mixture. The calculated mixture level is higher than the collapsed 
liquid level from the TRAC analysis, as it should be, and the curves 
exhibit similar trends. The consistency between the two quite 
different analyses gives further confidence in the TRAC results. 

continued on page 84 
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Core Damage Estimates 

Not until the head is lifted from the reactor vessel at Unit 2 will the 
state of the core be known with any certainty. Was the core 
uncovered more than once? Did any of the fuel melt or only the 
cladding? No one knows for sure. 

Present estimates suggest that most of the core damage took place 
during the f ~ s t  uncovering of the core and the subsequent reflood 
and quenching of the fuel rods' that is between 100 and 2 10 minutes 
into the accident. Here we will discuss the Laboratory's damage 
estimates' which were based on TRAC-calculated primary system 
pressures and fuel-rod temperatures up to 180 minutes and on 
extrapolated values thereafter. 

It is expected that the low primary system pressures and elevated 
fuel-rod temperatures during core uncovering caused the Zircaloy 
fuel-rod cladding first to balloon' then to rupture' and fmally to 
oxidize. 

The cladding would balloon' or increase in diameter, because of 
the pressure difference between the gas inside the fuel rods and the 
steam outside. We estimated that the cladding ballooned to the extent 
that neighboring fuel rods came in contact with each other and 
coolant flow was impeded. However' ballooning probably had little 
effect on the time and extent of fuel-rod rupture. 

The next stage of damage' rupture of the cladding' would lead 
directly to release of gaseous fission products to the primary coolant. 
We estimated that cladding in the upper 15 per cent of an average 
fuel rod ruptured at about 153 minutes into the accident. Thereafter' 
fuel-rod temperatures continued to increase' so it is probable that 
almost all the fuel rods eventually ruptured. These estimates are 
consistent with observed increases in radiation levels in the contain- 
ment dome between 153 and 159 minutes and between 193 and 197 
minutes. These estimates agree also with other analyses.* 

Another effect caused by high fuel-rod temperatures is oxidation 
of the cladding by steam' an exothermic reaction that would increase 
the temperatures even more. TRACxalculated cladding temperatures 
indicate that substantial oxidation took place at fractional axial core 
heights from 0.6 to 0.9, or along about 1 meter (3.3 feet) of the upper 
third of the 3.7-meter (12-foot) fuel rods. The maximum amount of 
hydrogen that could have been generated by oxidation of the outer 
surface of the cladding is 130 kilograms (287 pounds), enough to fd 
the reactor vessel's upper head .plus part of the upper plenum. 

The zirconium oxide formed by oxidation is a @=-like substance 
that cracks when subjected to rapid temperature changes. Therefore' 
when the core was reflooded with water at about 200 minutes, the 
rapid temperature change undoubtedly fractured some of the ox- 
idized cladding. Thereafter' exposed hot fuel pellets, which are even 
more brittle than the cladding, probably fragmented also. 

Extrapolated values for fuel-rod temperatures indicate that some 
of the cladding actually melted. This molten material may have been 
retained within the oxide sheath until temperatures reached 2300 
kelvin (3600Â Fahrenheit) and, if so,\it probably dissolved some of 
the uranium dioxide fuel. When the core was reflooded' the molten 
material resolidified as a zirconiu~uranium dioxide eutectic and 
probably formed partial blockages in the afYected fuel-rod assemblies. 

Figure 3 summarizes the Laboratory's estimates of maximum core 
damage for the period ending at 210 minutes. These estimates' along 
with guidelines for examining the damaged core when the reactor 
vessel is fmally opened' were sent in December 1979 to L. E. 
Hochreiter of the 'I'M1 Examination Planning Group 7.2 for the Joint 
DOE/EPRI/NRC/GPU Technical Working Group. 

Analyses of Accident Variations 

The analyses and estimates discussed above deal with the actual 
happenings at Three Mile Island. The President's Commission also 
requested TRAC analyses for postulated variations of the accident to 
determine the impact of various events on the accident's severity.** 
Three variations were analyzed: no delay in auxiliary feedwater 
supply to the steam generators; a longer delay (60 minutes into the 
accident rather than 8 minutes) in auxiliary feedwater supply; and 
full-capacity operation of the high-pressure injection pumps at all 
times after the system pressure reached the setpoint for their 
automatic activation. 

The analyses indicate that the availability or unavailability of the 
auxiliary feedwater supply had little effect on the ultimate course of 
the accident. However' the effect of throttling the high-pressure 
injection pumps was considerable. The analysis indicates that no core 
damage would have occurred with the pumps operating as designed. 
These conclusions are of importance for future considerations of 
reactor design' operation' and instrumentation. 

continued on page 87 

*M. L. Picklesimer, "Bounding Estimates of Damage to Zircaloy Fuel Rod Cladding in the WI-2 Core at 
Three Hours Mter the Start of the Acciaknt, March 28, 1979," Nuclear Regulatory Commission 
memorandum (June 20, 1979) and K. H. Ardron and D. G. Cain, ff3341-2 Accident Core Heat-Up 
Analysis," Nuclear Safety Anabsis Center report NSAC-24 (January 1981). 
**The possible eflmts on the containment of core damage even more severe that that which occurred are 
discussed in the sidebar "What V T h e  Core Melted?'' 
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THREE MILE ISLAND and Mult@Ie-Failure Accidents 

Time (mini 

Fig. 4. --calculated primary system pressure at Zton Unit 
1 during a postulated bss-qf-feedwater accident. 

continued from page 84 

After Three Mile Island 

It is now clear that a combination of several failures, each perhaps 
minor compared to the break of a large pipe, can lead to core damage 
and the possible release of radioactive materials. But if the previous 
focus of reactor safety research is now judged to have been too 

' narrow, the new focus seems at first hopelessly diffuse. Is it necessary 
to analyze all possible multiple-failure accidents at every nuclear 
power plant? 

Fortunately, this modern analogue of cleaning the Augean stables 
has not proved to be necessary. The multitude of possibilities can be 
reduced to a manageable number of accident types, such as 
loss-of-feedwater accidents or failure-to-scram accidents. The Nucle- 
ar Regulatory Commission is funding studies of these accidents types 
through its Severe Accident Sequen* Analysis Program. Partici- 
pants in the program are Los Alamos National Laboratory, Oak 
Ridge National Laboratory, Sandia National Laboratories, and 
Idaho National Engineering Laboratory. The programmatic research 
is divided into two areas covering accident aspects before and after 
core damage, the so-called front and back ends. Research at Los 
Alamos concentrates on the front end. 

Our goal is t o  determine, for each nuclear power plant, what 
accidents can occur, how to diagnose them, and what operator 
actions or engineered safety features may terminate an accident or 
mitigate its consequences. 

We use the technique of fault-tree analysis to enumerate accident 
types. The several hundred to several thousand fault trees presented 
by a particular nuclear power plant are condensed, sometimes with 

the help of a computer program, to a few tens of similar trees. For 
example, failure of the eight emergency diesel generators at Browns 
Ferry are represented by eight separate but similar fault trees, but 
these may be collapsed into one fault tree representing loss of onsite 
emergency power. 

We identify the similar trees as the accident types that must be 
considered at that plant. For example, at one of the plants studied, 
the following accident types are possible. 

o Station blackout-loss of all onsite and offsite power. 
o Interfacing system loss of coolant-loss of coolant through an 

interface between high- and low-pressure systems, such as 
through a ruptured steam generator tube. 

0 Loss of feedwater-loss of all main and auxiliary feedwater to 
steam generators. 

0 Pressurizer valve loss of coolant-loss of coolant due to 
malfunction of one or more of the pressurizer valves. 

o Small-break loss of coolant-a break in the primary system 
that does not lead to rapid loss of coolant or to rapid depres- 
surization. 

o Large-break loss of coolant-a break in the primary system 
that leads to rapid loss of coolant and to rapid depres- 
surization. 

o Loss of residual heat removal-loss of the ability to remove 
decay heat during the transition from hot to cold shutdown. 

0 Failure to scram-failure of the control system to effect halt of 
fission on demand. 

For each identified accident type, we learn how the plant responds 
from TRAC analyses. We first compute the consequences of the 
initiating failure(s) in the absence of operator intervention. Then we 
perform further analyses, including various postulated operator 
actions. These analyses use a computer model of the plant that is 
sufficiently detailed to represent all unique design features and 
emergency safety systems. From the results we hope to answer 
questions such as the following. Does the sequence of system 
responses during the accident present a recognizable signature? 
What system responses are critical to core damage? Can these 
critical responses be slowed or averted? What system components 
are needed to terminate the accident? What information should be 
available to operators for accident diagnosis and management? 

As an example, consider a hypothetical loss-of-feedwater accident 
initiated by a loss of offsite power at Zion Unit 1, a four-loop 
pressurized-water reactor. We assume that the reactor has scrammed 
automatically and that there is no forced circulation because the 
primary pumps have tripped. 

Below, we outline the significant features of this transient in the 
absence of operator intervention. The TRAC-calculated primary 
system pressure history is shown in Fig. 4. 
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0 At 63 minutes, the primary system pressure rises because the 
steam generators have dried out and no longer remove heat 
from the primary coolant. 

0 At about 66 minutes, the relief valve on the pressurizer opens 
and begins to discharge steam. 

o By 80 minutes, water begins to flow through the relief valve 
because the increased temperature in the primary system has 
caused the coolant to expand. The pressure remains fairly 
constant, but the temperature continues to increase. 

o At 96 minutes, the emergency core-cooling system is actuated 
by a containment overpressure signal. 

o At 120 minutes, the coolant in the primary system is saturated. 
The coolant begins to boil, the upper part of the vessel voids, 
the primary system pressure rises, and safety valves on the 
pressurizer open briefly. 

o By about 130 minutes the partially voided core has begun to 
refill; thus, the system is recovering. 

This calculation shows that the automatic safety systems would 
bring the reactor to quasi-stable conditions without any intervention. 
However, actions by the operators can prevent core voiding or 
reduce the severity of the accident. Below we list some conclusions 
based on TRAC analyses regarding successful management of the 
accident. 

1. If, within the first hour, the operators notice a drop in the 
water level of the steam generators and are able to restore at 
least 30 per cent of the auxiliary feedwater supply, no voiding 
will occur in the primary system and the core will be adequately 
cooled. 
2. If auxiliary feedwater cannot be restored, the operators can 
prevent boiling only by initiating the complex sequence of 
manipulations known as feed-and-bleed cooling near the begin- 
ning of the transient. This cooling technique consists of 
alternately injecting emergency coolant with the high-pressure 
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injection system and venting steam through the pressurizer relief 
valve. However, if the containment has been isolated auto- 
matically by an overpressure signal due to vented coolant, use 
of feed-and-bleed cooling is severely restricted because the 
compressed air that operates the relief valve cannot be replen- 
ished. 
3. After the steam generators dry out, the operators will see 
increases in the pressurizer water level and in the primary 
system pressure and temperature. They should respond by 
initiating feed-and-bleed cooling. If the containment is not 
isolated and feed-and-bleed cooling begins between 1 and 2 
hours, some core voiding will occur but the system will recover 
much faster than it would otherwise. 
4. If the primary pumps were not tripped at the start of the 
accident, leaving them running until the emergency core-cooling 
system actuates automatically will prolong the accident slightly 

but will not materially alter its ultimate course. 
This particular accident and all related accidents, such as loss of 

feedwater with stuck-open pressurizer relief valve (the Three Mile 
Island accident) or a loss-of-feedwater with stuck-open atmospheric 
relief valve, have very characteristic signatures that can help the 
operators to diagnose the situation. Not all multiple-failure accidents 
have such characteristic signatures, and in some cases additional 
instrumentation may be needed for proper identification. 

The SASA program is currently focused on accident sequences at 
large two- and four-loop pressurized-water reactors. The emphasis at 
the Laboratory is on plant-specific accident delineation, early 
accident recognition, early accident management, and definition of 
critical times and actions. By improving the operational safety of 
reactors, the severity of multiple-failure accidents, and thus the risk 
to public health, can be reduced. I 
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LOS ALAF "S ASSISTANCE TO 
TH2EE MILE INLAND 1NVESTIGATION:Z 
Sidebar 4: 

os Alamos National Laboratory was a source of con- 
siderable technical assistance to groups investigating the 
Three Mile Island accident. These groups called on Labora- 

tory staff for direct participation in the investigations and for relevant 
information. Providing this assistance was a satisfying experience for 
those involved. Needless to say, the efforts mentioned below were 
supported by those of many other Laboratory personnel. 

William R. Stratton was a member of the Technical Assessment 
Task Force of the President's Commission on the Accident at Three 
Mile Island (also known as the Kemeny Commission). In addition to 
his investigative and advisory duties, Stratton was principal author of 
"Technical Staff Analysis Report on Alternative Event Sequences," 
an assessment of the consequences of postulated variations of the 
accident. 

Five Laboratory scientists served as consultants to the Technical 
Assessment Task Force. One of these, Beverly Washburn, had been 
the licensing project manager for the Three Mile Island Unit 2 plant 
while on loan to the Nuclear Regulatory Commission from 1973 to 
1975. His familiarity with many of the details of the plant proved 
valuable. He was author of the staff reports "Radiation Releases and 
Venting of Tanks Friday Morning, March 30, 1979" and "The 
Evacuation Recommendations on Friday Morning, March 30, 
1979." He assisted in preparation and review of other staff reports 
and participated in some of the staff depositions. 

Three other consultants, John R. Ireland, Walter L. Kirchner, and 
Peter K. Mast, were authors of "Fuel Damage Estimates with the 
Transient Reactor Analysis Code (TRAC)." Robert D. Burns, also a 
consultant, and Kirchner were among the authors of "Consequences 
of a Hypothetical Fuel Melting Accident at TMI-2," "Potential for 
Damage to Reactor Vessel or Containment Due to Steam Explosions 
Associated with Fuel Melting Accidents," and "Penetration of the 
Concrete Basemat." Burns was among the authors of "Fission 
Products Within the Reactor Containment Building as a Conse- 
quence of the Hypothetical Fuel Melting Accident." (All these 
reports are included in "Technical Staff Analysis Report on Alter- 
native Event Sequences.") Burns was also sole author of "Technical 
Staff Analysis Report on WASH 1400-Reactor Safety Study," a 
review of the relationship between the accident probabilities and risk 
sstimates of that study and the Three Mile Island accident. 

At the request of the Commission, John R. Ireland, Peter K. Mast, 
Thomas R. Wehner, Paul B. Bleiweis, Walter L. Kirchner, and 
Michael G. Stevenson submitted TRAC analyses of Unit 2's response 
For the first 3 hours of the accident and estimates based on these 
analyses of core damage and hydrogen production. They also 

supplied TRAC analyses of Unit 2's response to postulated variations 
of the accident sequence. This information was used extensively by 
the Commission staff in preparation of "Technical Staff Analysis 
Report on Alternative Event Sequences" and by staff of the Nuclear 
Regulatory Commission Special Inquiry Group in preparation of a 
section of "Three Mile Island: A Report to the Commissioners and to 
the Public" (the Rogovin report). The information has also been 
published as "Preliminary Calculations Related to the Accident at 
Three Mile Island" [Los Alamos Scientific Laboratory report 
LA-8273-MS (March 1980)]. 

Donald G. Rose provided information to the Commission abou 
the response of the pressure vessel to a hydrogen explosion and of th 
containment building to a steam explosion; he also prepared the 
report "Pre- and Post-Accident Security Status at Three 
Island." 

Eddie R. Claiborne, Richard L. Cubitt, Roy A. Haarman, and 
John L. Rand supplied the Commission with the study entitled 
"Three Mile Island Sabotage Analyses." 

Talmadge R. England and William B. Wilson used the Labora- 
tory-developed computer program CINDER to furnish the Com- 
mission with information about Unit 2's post-accident decay power 
This information has been published as "TMI-2 Decay Power: LAS 
Fission-Product and Actinide Decay Power Calculations for th 
President's Commission on the Accident at Three Mile Island" [Lo 
Alamos Scientific Laboratory report LA-8041-MS, Revised (Marc 
1980)l. 

John W. Bolstad and Roy A. Haarman submitted TRAC analyse 
of postulated reactor transients quite similar to the Three Mile lsl 
accident. These analyses, which had been completed before 
accident as part of a sabotage study, provided the Commission wi 
a better understanding of some aspects of the accident. They 

Laboratory report LA-8361-MS (May 1980)l. 
Jay E. Boudreau was a Task Group Leader of the Three Mile 

Island Special Investigation carried out by the Subcommittee on 
Nuclear Regulation for the Committee on Environment and 
Works of the U. S. Senate. He was author of "Recovery at 
Mile Island" in "Nuclear Accident and Recovery at Three M 
Island," which reports the findings of the Special Investigation. 
addition, he was principal author of a study for the Subcommittee 
two industry-sponsored groups involved in reactor safety entitl 
"Review of the Nuclear Safety Analysis Center and the Institute fo 
Nuclear Power Operations." 
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James H. Scott was born in Norton, Virginia in 1942. He earned a Bachelor of Science in physics from Virginia 
Polytechnic Institute in 1964 and a Master of Science in nuclear engineering from the University of Virginia in 
197 1. He worked as an accident analyst for General Electric Company, Babcock & Wilcox, and the Hanford 
Engineering Development Laboratory before coming to Los Alamos in 1975. At the time the multiple-failure 
accident analysis work was initiated he was Leader of the Accident Analysis Group. He is currently a Program 
Manager in the Nuclear Programs Office. 

AUTHORS 

John R. Ireland, a native of Hereford, Texas, was born in 19 5 1. He earned his Bachelor of Science in 
mechanical engineering from New Mexico State University in 1974. He then went to work at the Nuclear 
Energy Division of General Electric Company in San Jose, California, where he specialized in safety analysis 
of boiling-water and liquid-metal fast breeder reactors. He joined the Laboratory after obtaining his Master of 
Science in mechanical engineering from the University of California at Berkeley in 1977. He is currently 
Project Leader for TRAC applications in the Safety Analysis Group. His expertise in the field of reactor safety 
was employed extensively by the Nuclear Regulatory Commission, by Senate subcommittees, and by the 
President's Commission during and immediately after the Three Mile Island accident. John's analysis of the 
situation is quite far-reaching: "The lessons we learned at TMI are many. First, nuclear facilities have large 
safety margins, even when mechanical problems and operator errors complicate operation; second, specialists 
like myself must work harder not only to anticipate and analyze accident situations but to communicate our 
findings; and third, we must reinforce our liaison between research organizations, the Nuclear Regulatory 
Commission, and public utilities." 

William R. Stratton earned his A. B. and Ph.D. in physics and mathematics at the University of Minnesota in 
1947 and 1952, respectively. He joined the Laboratory staff in 1952 and worked in theoretical weapons design. 
Later he became involved in theoretical studies of criticality safety and dynamic behavior of supercritical 
systems. Stratton has been involved in a wide spectrum of reactor safety studies and has been cited for 
outstanding contributions to the national power reactor program. He was a leader in the Laboratory's 17-year 
Rover Program and was involved in the design and analysis of the Kiwi-TNT experiment, which established an 
experimental baseline for theoretical prediction of reactor excursions. Stratton was the United States 
representative to the Cadarache Laboratory in France from 1965 to 1966 and served as a member of the 
Advisory Committee on Reactor Safeguards from 1966 to 1975. He was a member of the American team of 
experts that evaluated the hazards presented by the Russian spacecraft that crashed over Canada, and he was 
called to the technical team that advised the President's Commission on the Accident at Three Mile Island. He 
is the author of more than 50 publications, most in the area of reactors and reactor safety. 
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THREE MILE ISLAND: 
I Afiermath and Impact 
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EDITORIAL 

L 0s Alamos has been deeply involved in analyz- 
ing what happened at Three Mile Island and in 
developing the technical knowledge that will 
help prevent further accidents of this kind. But 

there are equally complex and challenging nontechnical 
questions about nuclear reactor accidents that our society 
must now resolve. 

The United States has been using nuclear-generated 
electricity continuously since 1957 when the first com- 
mercial plant went on-line in Shippingport, Pennsylvania. 
Today 70 operational plants are producing 11 per cent of 
our electricity. Yet for all our familiarity with nuclear 
power, we cannot agree on what to do about the disabled 
Metropolitan Edison Company power plant on Three 
Mile Island. 

For over two years the damaged reactor core of Unit 2, 
miles of radiation-contaminated wire and pipe, and 
700,000 gallons of radioactive water have remained on 
the Susquehanna River island while Metropolitan Edison, 
citizen groups, courts, and state and federal agencies have 
argued about responsibilities and cleanup procedures. 
And right next door sits Unit 1, fully intact, but unable to 
operate because of a continuing dispute between Metro- 
politan Edison and the Nuclear Regulatory Commission. 

How do we now recover from such an accident? And 
how do we reassure ourselves that nuclear energy, despite 
the accident and the general confusion surrounding it, is 
still a credible component of our energy supply system? 

Before considering the serious economic and political 
impact of the Three Mile Island accident, we should look 
at the kind of physical damage done, at the amount of 
material involved, and at the cleanup technology required. 

uring the accident the core of the Unit 2 
reactor was badly damaged, and 700,000 
gallons of radioactive water were released into 

the containment building through a relief valve that was 
stuck open. The building's atmosphere was contaminated 
by 45,000 curies of krypton-85, a radioactive gas. It is 
likely that many of the control rods were melted, that the 
zirconium fbel-rod cladding was oxidized, embrittled, and 
shattered by thermal shocks, and that some of the 
ceramic fuel was also shattered into small fragments. 

While the condition of the core will not be known until 

the reactor vessel head is removed, analysis indicates 
there will be a significant amount of fbel debris on grid 
spacers within the core; some of the fuel debris may even 
have been pumped into the steam generators. If there are 
large deposits of fuel debris on the steam generator tube 
sheets, the latter will have to be disassembled, increasing 
the radiation dose that cleanup workers will receive. 

Because the condition of the control rods is not known 
and because fuel relocation and compaction could lead to 
increased generation of neutrons somewhere in the sys- 
tem, the concentration of boron (a neutron absorber) in 
the cooling water has been increased from its normal level 
of 1000 parts per million (ppm) to 3500 ppm to prevent 
criticality in the most reactive configurations possible. 
This concentration of boron will have to be maintained at 
all times, including during core removal. 

Core removal will be the most challenging job from a 
technical standpoint and may take a whole year to 
complete. Because the vessel head penetration conduits 
have been damaged and because entanglement with core 
debris is likely, removing the head will require special 
care. The exact techniques that will be used are not yet 
decided, but the procedure will probably involve several 
steps: those conduits not damaged will be removed, 
optical devices will be inserted to view the underside of the 
head, and then special cutting tools will be devised to 
sever the entangled conduits. 

Once the core head is removed, similar techniques will 

be used to take apart the core, which is now probably 
made up of particulate debris, resolidified material, and 
intact fuel-pin stubs. This mess will have to be cut apart 
and the core removed in sections. Although techniques 
developed in cleaning up other reactor accidents will be 
available, on-the-spot tool design will be required. Remote 
optical devices will be used to observe the character of the 
environment, mockups will be built, and the newly 
designed tools will be tested before attempts are made to 
section the core. 

After the core is sectioned, its pieces and debris will be 
encased under water in transfer casks. These casks will 

then be moved through the spent-fuel transfer tubes and 
stored in the plant's spent-fuel pool until a decision is 
made about shipment off the site. 

The health and saf'ety of the public will not be in danger 
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during the cleanup operation, but the estimated 1000 
cleanup workers will have to work in relatively high 
radiation fields for routinely long periods of time. Even so, 
these hazards can be dealt with through strict health 
physics and safety procedures. Thus both the technical 
and health problems appear tractable. The real problem 
lies elsewhere. 

leaning up the reactor has severely taxed our 
regulatory, political, and industrial institutions. 
Neither industry nor the Nuclear Regulatory 

Commission was truly prepared for the accident or for its 
aftermath. In the early days of nuclear development, 
power reactors were owned by the government, and 
cleaning up accidents was the responsibility of the Atomic 
Energy Commission. Public involvement was minimal, 
and cleanups were usually quick and relatively inex- 
pensive. In the mid- 1960s the federal government gave the 
responsibility of reactor ownership and operation to 
private bdustry. Then in 1974 Congress established a 
new agency to license and regulate the nuclear power 
industry-the Nuclear Regulatory Commission. With 
licensing as its main concern and with no experience in 
commercial reactor cleanup, it is not surprising that the 
Nuclear Regulatory Commission dealt initially with the 
Three Mile Island cleanup in a series of ad hoc reactions. 

There has been a long sequence of delays. The week 
after the accident Metropolitian Edison began design of a 
processing system (EPICOR-11) to treat contaminated 
water. It planned to discharge the processed water (which 
it claimed would meet state and federal radiation stan- 
dards) into the Susquehanna River beginning in May 
1979. The plan was never carried out. The city of 
Lancaster and the Susquehanna Valley Alliance both 
went to court to prevent discharge of the treated water. 
The Nuclear Regulatory Commission fnst responded by 
prohibiting any water processing without its permission. 
Later that year, after an environmental assessment, the 
Commission allowed the utility to begin processing the 
water but still prohibited its discharge. 

Even these first steps opened the way for legal and 
political debates. The Nuclear Regulatory Commission 
was challenged as to whether it was acting legally in 
separating water decontamination from the rest of the 
cleanup operation and in basing its approval on an 

environmental assessment rather than on a fully de- 
veloped environmental impact statement. Critics main- 
tained that the environmental assessment process applied 
only to reactor licensing, not to an action as potentially 
signficant as the Three Mile Island cleanup. It was 
argued that segmenting the cleanup was illegal, and in 
response to the protests, an environmental impact 
analysis was performed, including full public partici- 
pation. 

Failure to hold public hearings before venting krypton 
from the containment building resulted in the Sholly case. 
After a protracted environmental assessment and safety 
review, the Nuclear Regulatory Commission had con- 
cluded that venting would not involve any significant 
hazard to the public. The Commission's action was 
challenged. In 1980 the United States Court of Appeals in 
the District of Columbia found that the Commission had 
violated the law by allowing the krypton to be vented 
without first holding public hearings. Appeal of this case 
is now under consideration by the Supreme Court. 

The Nuclear Regulatory Commission issued its Final 
Programmatic Environmental Impact statement for the 
overall cleanup of the Three Mile Island plant in March 
1981, after an extended public comment period, The 
study presented alternatives ranging from full cleanup of 
the damaged reactor to no action other than continuing to 
maintain it in its present condition. The report concluded 
that full cleanup should proceed as quickly as possibly to 
reduce the potential for uncontrolled releases of radio- 
active material to the environment. The report also 
concluded that existing methods were adequate or could 
be suitably modified to perform virtually all of the 
necessary operations without exceeding accepted environ- 
mental limits. In April 198 1, 24 months after the accident, 
the Commissioners issued a policy statement urging 
Metropolitan Edison to accelerate the pace of the cleanup. 

he two-year delay from the time of the accident 
to the final report of the Nuclear Regulatory 
Commission is not the only problem Metropoli- 

tan Edison has in dealing with its damaged reactor. The 
company faces drastically inflated recovery costs and the 
need for about a thousand professionals and skilled 
laborers to perform the cleanup job. The utility has hired 
the Bechtel Corporation to prepare two comprehensive 
cleanup plans, but virtually none of the steps recommend- 
ed in these plans can be implemented without Nuclear 
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Regulatory Commission approval and without rate relief. 
The rate-setting commissions, however, are reluctant to 
lay the full financial burden of cleanup on the rate payers, 
because cleanup costs have continued to escalate. Thus, 
Metropolitian Edison and its holding corporation, Gener- 
al Public Utilities, which together employ eleven thousand 
persons and serve four million customers, have been 
forecasting serious cash flow problems. 

Metropolitan Edison has been losing about $1 million 
per month for the last two quarters, a condition without 
precedent in the electric utility industry. The market value 
of the holding company's stock fell from $18 per share 
before the accident to $4.50 per share in the spring of 
198 1, and no dividends had been paid on its common 
stock for the two previous quarters. The company has 
laid off 200 employees involved in customer service and 
500 contractor employees, many of whom were engaged 
in routine maintenance. The cutback restricts the number 
of possible new residential hookups and increases the 
likelihood of protracted power outages (perhaps up to a 
week) after severe storms. 

Metropolitan Edison continues to operate with a very 
limited margin between borrowing requirements and 
credit availability. If a majority of the banks decide that 
the company's revenues are not suficient to assure its 
financial credit, or if the utility's future seems cloudy 
enough that the banks feel they may not be paid, the 
banks may call their loans. The company has no access to 
other lines of credit. Its revolving credit agreement with 
the banks is set for review in October 198 1. 

If Metropolitan Edison enters receivership, it is not 
clear what may happen to its remaining assets. In 
receivership the courts would decide how any available 
money would be spent, and there is no way to predict how 
much of the revenue would be awarded by the court to 
clean up Three Mile Island. Would cleanup costs be 
covered before bond credit was paid o m  Would a 
bankruptcy trustee have the freedom unilaterally to 
change rates instead of having set by Public Utility 
Commissions? We do not know. 

Meanwhile, Metropolitan Edison's Unit 1, which was 
down for refueling at the time of the accident, remains 
idle. To ensure a high level of safety and to increase public 
confidence, the Nuclear Regulatory Commission in July 

1979 refused to allow Unit 1 to come back on-line. 
However, revenues from the operation of Unit 1 could go 
a long way toward improving Metropolitan Edison's 
standing in the fmancial community. This, in turn, might 

allow the utility to borrow some of the money to clean up 
Unit 2. (A further problem stems from the fact that Unit 1 
was removed from the rate base in April 1980. This 
means, under current Public Utility Commission restric- 
tions, that no income from Unit 1 can be used for the 
cleanup operation. Hence, the mechanism for eventual 
repayment of loans for the cleanup is uncertain.) 

This last July the Governor of Pennsylvania submitted 
a proposal for fmancing the cleanup of Three Mile Island. 
The proposal calls for all involved parties to share the 
expense, and it includes the restart of Unit 1. While the 
proposal is viewed as an important f ~ s t  step, follow-up in 
securing agreements still remains. Before anything else 
can happen, the Nuclear Regulatory Commission must 
approve the restart of Unit 1. The Atomic Safety and 
Licensing Board has concluded its public hearings and, as 
predicted, reported favorably to the Commission in 
September. However, restart could be delayed until winter 
because the Nuclear Regulatory Commission has stated 
its intent to review the Board's decision before giving fmal 
approval. 

M etropolitan Edison is not the only utility 
afTected by the aftermath of Three Mile 
Island. Our failure to resolve the impasse 
has cast a shadow on the whole nuclear 

power industry. Soaring inflation, new and often con- 
tradictory federal and state regulations, and public in- 
tervention are all major factors in halting growth of 
nuclear power. No new plant orders have been placed 
since 1978, and more than 50 plants have been cancelled 
in the past five years. From 18 to 21 additional plant 
cancellations are expected in 198 1. 

A Department of Energy study (DOEIRG-0036, July 
1980) reports on the national impact of protracted 
licensing delays of nuclear power plants. (Some of +these 
delays were caused by safety adjustments made after the 
Three Mile Island accident.) The study recommends that 

". . .Every #art should be mude to muiMain the 
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current schedule for comtruction and Zikemgng cf 
these commercial units which are schedded for 
operation by the end of 1985: 

Dhbh Canyon Units 1 and 2, Calrornfa 
San Omfie 2, Cavorniu 
La Salle Counw Uii& 1 and 2, Illinois 
Farley 2, Alabama 
M&&e 1, North Carolina 
S u m m  1, South Carolina 
Sequoyah 2 and Watts Bar 1,  Tennessee." 

The study notes that failure to complete the nuclear 
units scheduled for operation by 1985 will result in the use 
of an additional 700 million barrels of oil. If no new 
nuclear units are added by 1985Â then electric power 
reserve margins will be unsatisfactory throughout the 
entire midsection of the nationÂ fiom Michigan to Texas. 
MoreoverÂ even if .such plans are implementedÂ the 
northwest power pool will probably have an energy 
supply shortage by 1985. 

he outlook for licensing is not good. Only three 
uncontested nuclear plants have been licensed 
by the Nuclear Regulatory Commission since 
the moratorium precipitated by Three Mile 

Island. This brings the total number of commercial 
operating nuclear reactors to 72. There are now 96 plants 
in some stage of licensing9 but many of these may be 
delayed or cancelled. 

The pending decision by the Supreme Court in the 
Sholly case will be important to the future of the nuclear 
power industry. Should the Court fmd that each and 
every amendment to an operating license must be subject 
to public review9 the way would be open for thousands of 
hearings every year. The nukber of hearings would 
constitute a de fact0 shutdown of the nuclear industry. . 

As mentioned, increased complexity in the licensing 
process for nuclear plants is part of the &ermath of 
Three Mile Island. For example9 after the President's 
Commission investigated the accident, the Carter Admin- 
istration added two new partners to the licensing proc- 
ess-the state governors and the Federal Emergency 
Management Agency. Every nuclear plant must now have 
an emergency response plan approved by the governor of 

the state and also by the federal agency. These additional 
steps, desirable though they may be, are bound to delay 
licensing of nuclear plants. 

Utilities are critical of such additional stepsÂ and they 
are also critical of the uncertainty they face as a result of 
the proliferatingÂ and largely uncoordinatedy regulations. 
It is not surprising, therefore, that utilities are not placing 
orders for new nuclear plants. At a time when projected 
shortfalls of electricity are being well documented, the 
Nuclear Regulatory Commission predicts that only one 
construction permit application will be submitted between 
1981 and 1986. 

Moreover9 such licensing problems are not restricted to 
nuclear plants; it is increasingly difficult to bring 
coal-fred generating plants into service. The dificulty 
stems fiom increasing government interest in and regu- 
lation of the problems associated with burning coal; for 
example, the build-up of carbon dioxide in the at- 
mosphereÂ acid rainy land destruction, and transportation. 
Capital requirements for coal plants are already large 
(about 213 those for nuclear plants), and the expensive 
regulatory restrictions now added to the basic costs make 
utilities reluctant to commit themselves to build new coal 
plants. 

afety and environmental regulations are not the 
only factors restricting construction of new 
nuclear power plants. Inflation and tight money 
are also involved. As recently as 10 years ago, 

utilities routinely hnded a large portion of a nuclear 
construction project internally. Today, with only about 20 
per cent of such fmds generated internally, the companies 
must compete in the open market for money to fund the 
remainder. Furthermore, it is becoming increasingly dif- 
ficult for utilities to compete for capital in the open 
market. One reason is the high investment risk associated 
with costly plants that will not be producing electricity for 
10 to 14 years. Another reason is the general wariness 
about a nuclear investment &er the experience of Metro- 
politan Edison in recovering from the Three Mile Island 
accident. In additionÂ the reluctance of public utilities 
commissions to allow rate increases on the grounds that 
they fuel inflation makes it dificult for utilities to be sure 
of an adequate return on investments. This situation is 
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reflected in the market for utility bonds. In the past two 
years Standard and Poors has cut 37 bond ratings of 
electric utilities while raising only 6. And utility stocks 
now average only 3/4 of their book value. Yet despite 
their poor standing, the utilities will have to find some 
$600 billion in investment capital before the year 2000 
just to keep up with the 2 to 3 per cent a year increase in 
demand estimated by the Department of Energy. This 
sum is four times more than the total capital invested by 
the utilities up to 1980. 

A s we have seen, the handling of the Three 
Mile Island accident weighs heavily on the 
nuclear power industry and on all electric 
power generation. Industry and government 

have still not resolved the key questions raised: Who pays 
for cleanup? How do we ensure safety and environmental 
protection without regulating the industry to death? The 
questions that we have so far resolved about the accident 
are technical ones. We know what happened and why it 
happened, and we know how to clean up the mess (though 
not what to do with the waste products). And we have 
some very good ideas about how to avoid s d a r  
accidents in the future. 

Questions about the Three Mile Island accident are not 
the only elements in the electric power equation. Lack of 
investment capital, inflated construction costs, and uncer- 
tainties about the rate structure are also important. Yet 
none of these elements need be obstacles unless we want 
them to be. 

The administration can streamline the procedure for 
licensing nuclear plants. It can reduce the number of steps 
and the number of agencies involved and can speed up the 
review process. 

The Department of Energy can work more closely with 
state utility commissions and taxing authorities to find 
ways to encourage plant construction. For example, 
easing state taxes during plant construction would reduce 
construction costs and lower consumer rates. 

At the same time, the industry should be given greater 
incentive to phase out and retire expensive, oil-fired 
plants. The current practice of simply passing increased 
oil costs to customers does not provide that incentive. The 
utility companies and the public utility commissions need 

to make a joint commitment to solve the problem. 
Congress could establish an insurance pool to help 

companies like Metropolitan Edison recover from nuclear 
accidents. The industry's Edison Electric Institute has 
already pledged a contribution to the cleanup of Three 
Mile Island provided there are matching government and 
Public Utility Commission funds. Congressional action is 
all that is lacking. 

Finally, the public as a whole and particularly citizen 
groups interested in clean air, resource conservation, and 
alternative energy sources ,must become involved in the 
solution. As a nation, we can no longer afford the luxury 
of opposing technological answers to social problems, 
especially the problem of energy. We must all accept the 
responsibility for weighing alternatives and arriving at 
practical conclusions. We must accept both the costs and 
the risks of our choices. We must, in fact, commit 
ourselves to the society we live in and to the technology 
that society has developed. This means both enjoying the 
benefits and paying for the mistakes. 

What happened at Three Mile Island is at once 
vindication and indictment. Even when safety systems 
were overridden, the accident was largely contained. No 
one was hurt-that is the vindication of our engineering. 

4 
But the mess is still there, and we cannot seem to clean it 
up-that is the indictment of our complex political and 
socioeconomic system. Unwillingness to assume responsi- 
bility is not a problem of the federal government or of the 
state government or of the nuclear industry or of the 
engineering profession or of any other group. It is a 
collective problem, and we must recognize it as such. Our 
state and federal governments have the authority and the 
resources to deal with Three Mile Island. The commit- 
ment and the will to use this capability must soon be 
brought to bear. The nation's best interests are not being 
served by continued delay, rn 

The author obtained information for this article from the 
Office of Management and Budget, General Public Utilities, the 
Nuclear Regulatory Commission, the Department of Energy, the 
Securities and Exchange Commission, the General Accounting 
Office, the United States Senate, the United States House of 
Representatives, the Atomic Industrial Forum, the Edison 
Electric Institute, the Electric Power Research Institute, the 
State of Pennsylvania, and numerous other state, federal, and 
private entities, as well as individuals. 
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BREEDER REACTOR SAFETY 
MODELING ., THE - IMPOSSIBLE 

- by Charles R. Bell 

SIMMER, a computer 
code developed at 

Los Alamos National 
Laboratory, was 

designed to model an 
incredibly complex 

event-the 
disintegrating of the core 

of a liquid-metal fast 
breeder reactor during a 

hypothetical meltdown 
accident. Analyses with 

SIMMER are leading to a 
more realistic 

assessment of the safety 
of this type of reactor. 

s the breeder reactor an alchemist's 
dream come true? The ancient 
alchemists attempted to transform 
base metals of low value into noble 

metals of high value; the breeder transforms 
abundant isotopes of low value into rare but 
easily fissionable isotopes of high value. But 
the alchemists tried to achieve their 
transformations with chemical reactions. 
They were not aware that nuclear reactions, 
prompted by the collisions of neutrons and 
nuclei, could cause the hoped-for 
transformations. 

All nuclear reactors depend on the 
generation of neutrons during the fission 
process to maintain a chain reaction, but a 
breeder is designed to produce an 
overabundance of neutrons. These excess 
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Artist's conception of disintegrating fuel pins in the fuel assembly of a hipid-metal fast 
breeder during a severe accident. 
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neutrons perform the alchemist's magic as 
they convert "fertile" fuel incapable of 
sustaining a chain reaction into "fissile" fuel 
at a rate faster than needed to replace the 
original fuel. Hence, in a breeder, not only is 
energy generated, but excess fuel is "bred." 

But can the transformation process be 
adequately controlled? Physicists and 
engineers have long recognized that during 
certain hypothetical, low-probability 
accidents a byst of neutron production 
could generate a damaging surge of energy 
and pressure resulting in a potentially large 
radiation release to the environment. 

Thus, a strong attack on these 
hypothetical accidents has been mounted, 
both to prevent them and to understand their 
consequences. An important analytical tool 
necessary for this understanding was 
developed over the last six years by the 
Energy and the Theoretical divisions at Los 
Alamos National Laboratory. The tool, 
SIMMER,* is a complex computer code that 
examines the dynamics of a typical breeder 
core when disrupted during hypothetical 
accidents. The core being studied is that of a 
liquid-metal fast breeder reactor, the breeder 
of primary focus in the United States since 
the 1960s. The code couples an accounting 
of neutron population and power generation 
with a fluid-dynamic calculation of the 
behavior of all core materials. Initially 
considered an almost impossible problem, 
the development of this code is leading to a 
more realistic assessment of the safety of 
liquid-metal fast breeders based on detailed 
knowledge concerning the temperatures, 
pressures, energies, and mass flows in a 
disrupted core. 

The conclusions so far? The pressure, and 
temperature surges expected in hypothetical 
accidents appear to be much less than 
previously estimated. As a result, 
management of this sophisticated alchemy 

*SIMMER is an acronym for S,,, implicit, 
multifield, multicomponent, Eulerian, 
recriticality. 

Fig. 1. When neutrons are absorbed by fissile atoms, a fraction of these cause fissions 
releasing other neutrons, but the remainder are captured. The neutron-yield parame- 
ter T\ accounts for this fraction as well as for the average number of neutrons released 
per fission event. 
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Fig. 2. The neutron yield per neutron absorbed, q, as a highest T) for fast neutrons, but uranium-233, theflssile isotope 
function of neutron, energy. Fast neutrons have an Â¥v large in the thorium-uranium breeding cycle, has q larger than 2 
enough to achieve breeding: that is, q is significantly larger over most of the neutron energy range. (Figure adoptedfiom 
than the "break-even" value of 2. Plutonium-239 has the ERDA-1541, Vol. 1,p. 11-77, June 1976.) 

may be safer than imagined. 

The Liquid-Metal Fast Breeder 

NEUTRONICS. The key to a breeder is the 
neutron. The generation of energy, the 
control of the reactor, the breeding of new 
fuel, and particular safety problems unique 
to breeders are all related to the reactor's 
neutronics. For example, the pioneers in 
nuclear physics early recognized the 
potential for breeding from the fact that each 
nuclear fission releases two or three 
neutrons. Since one of these neutrons is 
necessary to continue the chain reaction, 
then one or two "byproduct" neutrons 
remain. Some of these byproduct neutrons 
can be utilized through transmutation 
processes to produce fissile isotopes from 
fertile isotopes. [The two main processes 

contemplated for breeders are the 
"uranium-plutonium cycle" (^u + n -4 
2 3 9 ~  5 239 Np -SÃ "'Pu) and the 
"thorium-uranium cycle" ( ^ ~ h  + n -L) 
" ' ~ h  -'.. "'pa -Â£ "'u). In both cycles the 
first isotope is fertile, the last is fissile.] If, on 
the average, one byproduct neutron per 
fission is used to provide replacement fuel, 
the remaining neutrons are free to breed 
excess fuel. 

Of course, there are a variety of fates 
possible for a neutron wandering free in a 
reactor core. Some neutrons are lost to other 
processes: for example, absorption by 
nonfuel constituents or leakage from the 
core. Other neutrons are captured by the 
fissile-fuel atoms, but are only absorbed; 
there is no fissioning and no further release 
of neutrons. As a result, efficient breeder 
design, like efficient financing, attempts to 

maximize the return yield for each 
investment, that is, attempts to maximize the 
number of neutrons liberated for each 
absorbed neutron. This concept and the 
parameter q representing the neutron yield 
per absorbed neutron are illustrated in Fig. 1. 
For a nonbreeder reactor if q is enough 
larger than 1 to account for neutron losses, a 
chain reaction can be maintained. However, 
for a breeder q should be significantly larger 
than 2. 

Figure 2 is a plot of versus neutron 
energy for three fissile isotopes and shows 
the most promising region for breeding to be 
that of "fast" or high-energy neutrons. The 
parameter q rises here because the ratio of 
fissions to captures for absorbed neutrons is 
rising with neutron energy; the more energy 
the neutron brings to the interaction, the 
more likely the fission event. The figure also 
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shows that, with respect to neutron yield, 
plutonium-239 is the preferred choice for 
breeder fuel. 

Neutrons released in the fission process 
are already fast. Commercial light-water 
reactors reduce these energies, with the water 
acting as moderator, to the thermal region 
where there is high total absorption of neu- 
trons by the fuel. But to take advantage of a 
large q, the neutrons must remain fast, so 
breeders are purposefully designed with litfle 
moderation. 

How is this population of neutrons and the 
ensuing chain reaction controlled? The neu- 
trons resulting directly from the fission proc- 
ess are called "prompt" neutrons (Fig. 3). In 
liquid-metal fast breeders, the prompt neu- 
trons have an average "lifetime" of about 
lo-' second between their birth and their 
death due to absorption or escape from the 
core. Since neutron population growth is 
exponential, a slight overpopulation of 
prompt neutrons will grow very rapidly to a 
new, larger population. For example, a neu- 
tron population only 0.1 per cent in excess of 
the stable, "critical" population will take 
slightly longer than l o 4  second to triple. 
This is much too fast for realistic control of 
the reactor.* 

Fortunately, "delayed" neutrons are also 
part of the total neutron population. These 
neutrons are released in the decay of some of 
the unstable nuclei produced by the original 
fission event and are thus born on the order 
of seconds after that event. If the neutron 
population is always kept underpopulated, or 
subcritical, with respect to prompt neutrons, 
delayed neutrons can be used either to 
complete a stable, balanced population or to 
provide the slight imbalance needed to alter 
the population. The growth to a new stable 
population will then be slowed considerably 
and mechanical control of the process be- 
comes feasible. 

The Clementine reactor, designed and 
built in 1945 at Los Alamos, successfully 
demonstrated the feasibility of delayed neu- 
tron control of a fast-neutron system. This 

Absorption 

, + Fission 

Nuclei Unstable 
to Neutron Decay 

I? 

Fig. 3. Prompt neutrons are released during fission almost immediately after 
absorption of the neutron triggering the event. Delayed neutrons are released 
considerably later whan a fission product or a fission-product daughter is produced 
that is unstable to neutron decay. Other radiations have been eliminated for clarity. 

very small reactor had a cylindrical core 
0.15 meter in diameter and 0.14 meter in 
length, 35 plutonium metal fuel rods, and 
used mercury as a coolant. It produced 25 
kilowatts at full power. 

CORE. The special need of the breeder to 
generate and harbor neutrons efficiently dic- 
tates a core design that differs in several key 
respects from the thermal-neutron reactor 
core. First, breeder cores are made compact 
to minimize the masses of nonfuel materials 
such as stainless steel and coolant. These 
materials decrease the average yield by mod- 
erating neutron energies and the neutron 
availability by absorption. 

Second, the fuel is highly enriched. While 
it is true that fast neutrons absorbed by 
fissile atoms result in high neutron yields 
(large T)), the absorption cross section, that 
is, the probability for those absorptions to 
occur in the first place, is several orders of 
magnitude lower than for thermal neutrons. 
The solution to this problem is to increase 
the number of target's by increasing the 
density of fissile atoms. Thus, a typical 
breeder fuel is enriched to between 20 and 30 
per cent in. the fissile isotope compared to 3 
per cent in light-water reactor fuel. A further 
advantage to high fissile-fuel density is that 
neutron mean free paths are kept small 
compared to the size of the core, thus 

*The same is true of comrnerical reactors using thermal neutrons (see Fig. 2), except average lifetime is 
about 1 r 4  second and the approximate tripling time is 0.1 second. 
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Fig. 4. (a) Fuel pins are long (2.8 meters), narrow (6 are bundled inside each stainless-steel fuel assembly. Liquid 
millimeters in diameter), and covered with a stainless-steel sodium coolant (arrows) flows up through the fuel assembly 
cladding (0.4 millimeter thick). There are three distinct regions next to the fuel pins. (c) Fuel assemblies (red) are arranged 
of fuel in each pin with blanket fuel (yellow) placed above and into a core array along with blanket fuel assemblies (yellow) 
below active-core fuel (red). A hollow region at the top serves and control assemblies (white for primary, black for secon- 
as a fission gas plenum. (b) Two hundred seventeen fuel pins dary). Radiation-shield assemblies (green) surround the array. 
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reducing neutron leakage. 
The combined result of a compact core 

and high fuel density is high power density, 
typically about 300 megawatts per cubic 
meter. This necessitates a coolant system 
with good heat-transfer properties: for exam- 
ple, liquid-metal coolant flowing over large 
surface areas of the fuel. 

Finally, a breeder core contains both an 
active core that supports the chain reaction 
and a blanket of fertile fuel that completely 
surrounds this core and captures escaping 
neutrons. , 

The manner in which these features are 
brought together for the proposed Clinch 
River Breeder Reactor, chosen for construc- 
tion near Oak Ridge, Tennessee, is shown in 
Fig. 4. To create the necessary heat-transfer 
area, the fuel is encapsulated in thousands of 
small-diameter (6-millimeter) pins clad with 
stainless steel. Each of these pins is long (2.8 
meters) and consists of several sections. The 
center section contains the active-core fuel, 
typically an oxide of the fissile isotope 
plutonium-239 mixed with the oxide of the 
fertile isotope uranium-238. Above and 
below the core section are blanket sections of 
fertile fuel, usually "depleted" uranium (99.8 
per cent uranium-238 and 0.2 per cent 
uranium-235). A hollow section at the top of 
the fuel pin serves as a fission-gas plenum 
that collects the gaseous fission products 
diffusing out of the fuel below. 

Between 200 and 300 of these fuel pins are 
bundled into a hexagonal array within a fuel 
assembly. Liquid sodium coolant enters the 
assembly at the bottom, flows upward 
among the fuel pins, then out the top. 

Fuel assemblies are themselves positioned 
in arrays to form the active core. Blanket 
assemblies of fertile fuel are arranged about 
the active core to complete the blanket 
horizontally. Control rods are included 
among the fuel assemblies, and shield as- 
semblies encircle the entire array to block 
escaping radiation. In some core designs, 
blanket assemblies are placed within the 
active core to enhance breeding. 

The main features of the reactor vessel for 
the Clinch River Breeder are shown in Fig. 5. 
The vessel is approximately 6 meters in 
diameter and 17 meters in length. The active 
core, 1.8 meters in diameter and 1 meter in 
length, requires a fissile inventory of approx- 
imately 2 metric tons.* Two types of control 
rods with completely independent actuation 
systems assure reactor shutdown when de- 
manded either by the automatic response of 
the control system or by the operators. Since 
the coolant is liquid sodium, which readily 
burns in air, the vessel must be carefully 
sealed and given an inert atmosphere. The 
closure head is, therefore, a complex struc- 
ture of thermal shields and rotating, eccen- 
tric plugs that allow remote-control refueling 
operations. The sodium enters at the bottom 
(arrows), moves up through the fuel as- 
semblies, mixes in the upper sodium pool, 
and finally flows out of the vessel to heat 
exchangers. 

Despite high chemical reactivity with air 
and water, liquid sodium has several proper- 
ties that make it an excellent coolant for fast 
breeders. First, it is a relatively poor mod- 
erator.** Second, its thermal conductivity 
allows for rapid transfer of heat within the 
high-power-density core and so eliminates 
concerns about local boiling, surface dryout, 
and fuel overheating. Third, the metal is a 
liquid over a large temperature range. Thus, 
the operating temperature can be high 
enough to achieve high thermal efficiencies 
of about 40 per cent, yet is still 300 kelvin 
below the boiling point. Finally, the system 
operates at atmospheric pressure. 

The characteristics of low operating pres- 
sure and the capability of large heat removal 
prior to coolant boiling have led many 
engineers to argue that the liquid-metal fast 
breeder is generically safer than the 
light-water reactor. If control and safety 

systems function as intended, the possibility 
of a core meltdown should be no higher, and 
perhaps even less likely, than for the 
light-water reactor. 

The Severe Accident 

REACTIVITY CHANGES. Despite those ge- 
neric safety features, certain aspects of the 
fast breeder raise a special safety threat in 
many people's minds. These aspects center, 
once again, on the neutron. 

Unlike the light-water reactor, the core of 
a liquid-metal fast breeder is not in its most 
reactive configuration. Typically, there are 
several critical masses of fuel present in the 
breeder core. This fact, in conjunction with 
the core's high power density, led people to 
conjecture accidents in which the fuel melted 
and slumped into a supercritical configura- 
tion. Any similar slumping and compaction 
of fuel in a light-water reactor would 
eliminate coolant, which is important as a 
moderator. With the elimination of coolant, 
the population of thermal neutrons driving 
the chain reaction in the light-water reactor 
would decrease. In contrast, elimination of 
coolant in a breeder would actually increase 
the neutron population. 

This concern about meltdown led to an 
emphasis on hypothetical core-disruptive ac- 
cidents for liquid-metal fast breeders. Why 
hypothetical? Accidents become severe 
when there is a sustained inability to remove 
heat from the fuel at a rate commensurate 
with its generation. For this to happen, two 
major systems must fail. For example, if the 
reactor control system fails to control the 
power level, the safety system will scram or 
shut down the reactor. But if both systems 
fail, then a major thermal or heatup ex- 
cursion can occur. Likewise, a severe acci- 

*A commercial light-water reactor of the same power capacity (1000 megawatts thermal) requires only 1 
metric ton of fissile material. 
**The hydrogen atoms of water have a mass equal to that of the neutron and so can absorb a large 
portion of the neutron's energy in a single collision; the heavier sodium atoms (atomic mass = 23) cannot. 
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fig. 5. The reactor vessel for the proposed Clinch River vessel. Liquid sodium coolant enters at the bottom, flows up 
Breeder Reactor plant (CKBSP). Illustrated are the array of through the core and fuel assemblies, and out the vessel to the 
fuel assemblies, the associated control mechanisms, the heat exchangers. (Courtesy CRB- Project Office, Oak Ridge, 
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dent will happen when heat transport from 
the core deteriorates due to pump failures or 
extreme pipe breakage, but again, only when 
coupled with failure of the safety system to 
scram. Other possibilities are associated with 
malfunctions of the redundant heat removal 
systems. 

The system failures described can, in some 
cases, result in disruptive feedback: the fail- 
ure causes heatup, which can melt fuel; if the 
fuel collapses, it creates excess neutrons and 
a power increase which accelerates the heat- 
up. Central to this feedback are changes in 
the neutron balance called "reactivity." 
Positive reactivity involves the creation of 
excess neutrons, which, of course, increases 
the disruptive feedback; negative reactivity 
would moderate or decrease the feedback. 

If the generation of excess neutrons is 
large enough, the controlled balance main- 
tained by the delayed neutrons will be de- 
stroyed and there will be a sudden and very 
rapid rise in power. The reactor has gone 
"super-prompt-critical," a potentially dan- 
gerous condition that, in severe cases, will 
terminate only after the high pressures of 
hot, vaporizing core materials have dispersed 
the fuel. 

Unfortunately, the liquid-met a1 fast 
breeder core designs that are most desirable 
in terms of performance and economics also 
have an undesirable domination of positive 
reactivity during severe heatup transients. 
For instance, core structural materials and 
coolant both absorb neutrons and moderate 
neutron energies. Loss of these materials 
contributes to positive reactivity both by 
increasing available neutrons and by causing 
a shift to higher neutron energies and, thus, 
higher neutron yields (Fig. 2). This happens 
if the liquid sodium boils or otherwise voids 
around the fuel pins, or if the stainless-steel 
cladding melts and flows from the core. 

Fortunately, the positive reactivity is mod- 
erated by several inherent negative reac- 
tivities. The release of fission-product gases 
and the thermal expansion of core materials 
tend to disperse the fuel. Specific core design 

features can be incorporated that aid dis- 
persal during a core-disruptive accident. 
Also, more neutrons are absorbed in the 
fertile fuel as temperature increases (the 
Doppler effect*). 

AN ACCIDENT SCENARIO. The analysis of 
a postulated accident is designed to de- 
termine, with reasonable confidence, the 
degree of any positive reactivity, its transient 
behavior, and its potential for damage. De- 
tails of one accident scenario-failure of all 
primary sodium coolant pumps and com- 
plete failure of the reactor shutdown sys- 
tem-will provide perspective on the com- 
plexity involved in this chore. 

First, there is gradual loss of heat trans- 
port from the core as coolant circulation 
slows to a stop. Different fuel assemblies 
have different power levels and flow rates, so 
they heat up at different rates. The Doppler 
effect and thermal expansions of sodium, 
fuel, and steel help keep reactivity feedbacks 
and power changes small. Soon, though, 
sodium boiling and voiding in fuel assemblies 
with the highest ratio of power to coolant 
flow lead to a net positive reactivity effect 
and accelerated heatup; then voiding begins 
in other fuel assemblies. 

During this phase (the first 10 to 30 
seconds) the dominant phenomena are the 
transfer of heat between materials, boiling 
and voiding of the coolant, and condensation 
of sodium vapor on cold structures at the 
ends of the various assemblies. Neutronics 
remains relatively smooth throughout the 
core. The analysis of this phase is simplified 
by the constant geometry of the core and the 
quasistatic character of the phenomena. 

In the second phase, heat removal is 
highly degraded because the coolant has 
voided. Melting of fuel and cladding occurs 
on the order of a second after sodium voids 

are formed in a particular fuel assembly. The 
resulting complex situation is shown 
schematically in the opening figure of the 
article. The melted fuel pins in the central 
portion of the active core form a two-phase 
column of liquid fuel, liquid steel, fuel frag- 
ments, fission gas, fuel vapor, and steel 
vapor. The liquid components are im- 
miscible, with greatly different melting 
points, viscosities, and thermal conduc- 
tivities. The gaseous phase has been gener- 
ated primarily near the midplane where the 
fission power was initially highest. The pres- 
sure from the gas and vapors expels liquids 
and fragments to the ends of the active core 
and into the colder axial blankets. 

Analysis of this phase of the accident thus 
requires multiphase, multicomponent fluid 
dynamics and variable core geometry. 
Moreover, characteristics of the fluids vary 
greatly depending on initial conditions, time 
into the accident, and status of individual 
fuel assemblies. 

The fission process causes the fuel to have 
a higher temperature than the other materials 
within the fluid mixture. Thus, a bewildering 
variety of heat-transfer processes and as- 
sociated phase changes are possible. Some of 
the possible phase changes are illustrated in 
Fig. 6, All these processes are transient and 
have feedback effects on fluid displacement 
that, in turn, produce feedback effects on 
neutronics, reactor power, and fuel tem- 
peratures. The feedbacks are not only strong, 
but also highly nonlinear due to exponential 
relationships between liquid temperatures 
and vapor pressures and between material 
displacements and power. In fact, neutronic 
response changes from a relatively smooth 
core-wide distribution to one with local dis- 
tortions and sudden peaks. 

Although this complex, chaotic behavior 
occurs within individual fuel assemblies, the 

intermediate-energy neutrons are strongly absorbed at specific energies in the resonance region between 
thermal and fast neutrons (Fig. 2). As the temperature increases, these absorptions broaden, allowing 
absorption of a larger range of energies and, therefore, a larger fraction of the limited numbers of these 
neutrons. 
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Fig. 6. Typical phase changes possible during a severe accident. 

overall disruption process must be viewed on fluid-dynamic coupling. 
a core-wide basis. Reactor neutronics and The third phase, designated the "transition 
power are dependent on the behavior in all phase," occurs when the fuel-assembly duct 
the assemblies, and the common boundary walls begin to melt. Now the flow field 
conditions prevailing at the inlet and outlet becomes multidimensional on a core-wide 
sodium plena produce a core-wide scale. Local fluid dynamics are no more 

complex than in the previous phase, but the 
extent of material relocation within the core 
may be much greater. This results in a 
difficult neutronics problem because of large 
voided and compacted regions where neu- 
tron mean free paths are no longer small 
compared to the dimensions of the medium. 
The large voids introduce strong directional 
effects, known as neutron streaming, which 
are important to this phase of the accident. 

Neutronic coupling in the transition phase 
is potentially stronger because disrupted fuel 
is no longer in discrete assemblies; thus 
larger masses of fuel are capable of concur- 
rent motion. Changes in reactivity can be 
both large and rapid. At this point two 
different outcomes are possible depending on 
such things as the reactor design or the 
reactor state at the beginning of the accident. 
First, if a large fraction of the original fuel 
has managed to remain within the active 
core region, a super-prompt-critical ex- 
cursion can occur that heats the fuel in 
milliseconds to high temperatures and pres- 
sures. The fuel in the core, in essence, blows 
apart. While the dispersal of the fuel terrni- 
nates the neutronic excursion, the pressure 
surge poses a direct mechanical threat and 
the possibility of breached containment. 

On the other hand, if the fuel inventory 
has been reduced to about half the original 
amount by gradual leakage, or if large 
quantities of blanket materials have diluted 
the fuel, a severe power excursion will proba- 
bly not occur. Thus, fluid-neutronic coupling 
becomes weak and of little further im- 
portance. The threat along this path is a 
potential meltthrough at the bottom of the 
reactor vessel from decay heat sometime 
within a few days. 

SAFETY DESIGN. From this brief descrip- 
tion of a severe accident, it is possible to 
understand why many knowledgeable scien- 
tists and engineers have considered detailed 
mechanistic analyses of these accidents to be 
an impossible problem. An appropriate de- 
s c r ip t ion  of t h e  thermodynamic ,  
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fluiddynamic, thermal, and neutronic behav- 
ior has been judged beyond the state of the 
art. As a result, the hypothetical 
core-disruptive accident has, until recently, 
been dealt with in two ways. 

First, engineers have attempted to design 
reliable systems with very low probabilities 
of even entering the severe accident regime. 
Second, the complexity of the problem has 
been side-stepped by basing designs on high- 
ly conservative bounding estimates of the 
"damage potential." This is the potential for 
neutronically heated core materials to pro- 
duce high pressures damaging to contain- 
ment structures and is typically based on the 
assumption of isentropic (reversible and 
adiabatic) expansion of the fuel. This ap- 
proach worked well for small breeders such 
as the second experimental breeder de- 
veloped by Argonne, EBR-11, which had a 
thermal power rating of 62 megawatts. 

However, for the large breeders being 
considered today, the bounding approach 
places difficult if not impossible demands on 
design. For a hypothetical core-disruptive 
accident of a given energy-density level, 
damage potential increases approximately in 
proportion to reactor size, whereas the abili- 
ty of reasonable designs to absorb damage 
scales weakly, or even inversely, with reactor 
size. As a result, if proof of containment for 
these accidents is necessary and it is tied to 
the demands of simple bounding analyses, an 
impasse may be reached in the licensing 
process. 

SIMMER. Seven years ago, a team of engi- 
neers and scientists at Los Alamos decided 
to tackle this demanding problem. With the 
support of the Nuclear Regulatory Com- 
mission and the Department of Energy and 
with the use of the computer resources at 
Los Alarnos, work was begun on the SIM- 
MER code in 1974. 

The approach adopted was to develop a 
generalized numerical framework based on 
the conservation laws of mass, energy, and 
momentum constrained by the initial and 

boundary conditions. Models representing 
the "physics" and consistent with physical 
laws or state-of-the-art understanding were 
to be inserted into this framework. This 
approach permits maximum flexibility for 
description of the physical interactions 
among materials, many of which were not 
well known at the time the work was begun. 
It also allows modeling sensitivities and 
uncertainties to be assessed in the interactive 
context of overall accident simulation. Thus, 
the impact of imperfections in knowledge 
can be established in a realistic manner. 

EULERIAN FRAMEWORK. The "book- 
keeping" needed to follow specific particles 
of material moving about and mixing togeth- 
er during a core-disruptive accident would be 
unbelievably complex. As a result, an 
Eulerian numerical approach was chosen for 
the fluid dynamics. This approach follows 
the evolution of material parameters at fixed 
points in space. The reactor core is divided 
by a mesh into a collection of cells, and the 
densities and energies of the material compo- 
nents are calculated at each cell as a function 
of time. This technique introduces some 
undesirable smearing of the transported en- 
tities within and between cells, but the ap- 
proximation is considered acceptable. 

While the fluid dynamics of core disrup- 
tion are three-dimensional, considerable 
symmetry usually exists in the circum- 
ferential direction. Accordingly, a two- 
dimensional, cylindrical approximation is 
normally used in SIMMER, and each cell is 
specified by a radial and an axial coordinate. 

MULTIPLE FIELDS. Because of the variety 
of material phases and components, certain 
simplifications must be incorporated into the 
fluid dynamics. The first simplification is to 
treat all materials having the same approx- 
imate velocity as a "field." Thus, one 
momentum equation at most needs to be 
assigned to each field. SIMMER uses three 
fields: structure, liquid, and vapor (Table I). 
The structure field includes all materials that 

are stationary in space. Besides the expected 
structural materials, fission gas trapped in- 
side fuel pins and resolidified materials are 
components of this field. The liquid field 
includes all materials that flow: normal 
coolant, melted solids, and solid particles 
moving with these liquids. The vapor field, 
the gases, generates the pressure distribution 
that drives the motion of the liquid field as 
well as itself. 

MULTIPLE COMPONENTS. Each field has a 
large number of material components, the 
densities and energies of which must be 
specified in each Eulerian cell. However, 
some of these densities and energies can be 
combined. For example, all gases in the 
vapor field have short thermal equilibrium 
times and so all gases in a given cell are 
given the temperature and energy of the 
mixture. On the other hand, since the loca- 
tion of fertile and fissile fuel must be con- 
sidered individually for neutronic purposes, 
the density is specified separately for both in 
all three fields. 

CONSERVATION LAWS. The Eulerian nu- 
merical framework with its three fields and 
multiple components must be formulated 
with conservation laws for momentum, 
mass, and energy as the foundation. There 
are only two momentum equations, one each 
for the liquid and vapor fields, but none for 
the structure field since it is assumed sta- 
tionary. There are 23 mass equations and 12 
energy equations, one for each density or 
energy component in each field. 

The equations are in terms of densities, 
velocities, pressures, and internal energies, 
but they also include many source and sink 
terms to account for transfer of heat, mass, 
and momentum between fields. The mass 
equations account for vaporization, con- 
densation, freezing, and melting; the momen- 
turn equations account for gravity and drag 
forces; the energy equations account for heat 
exchange and the various heats generated by 
phase changes, neutronics, viscous dissipa- 
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tion, and pressure-volume work. 

EXCHANGE FUNCTIONS. The essential 
physics is introduced through the source and 
sink terms in the form of exchange functions. 
These functions give SIMMER its flexibility 
because each represents the modeling of a 
specific, independent physical process. Im- 
provements in the understanding of specific 
phenomena are reflected as improvements in 
modeling and, hence, in the exchange func- 
tions that are inserted into the conservation 
equations. Currently, the modeling area re- 
ceives considerable emphasis through both 
analysis and experiments. 

One modeling area of particular concern 
is the manner in which materials break up. 
For instance, what distribution of particle 
sizes will result when a fuel pin begins to melt 
and crumble? What fraction will be liquid 

droplets and what fraction solid particles? 
Another area of concern is the physical 
properties of materials at high temperatures. 

A typical modeling study starts with an 
attempt to describe the phenomenon by 
using standard engineering functions. In 
these equations appear various coefficients 
or exponents that correlate forces or material 
properties; for example, a Reynold's number 
may be used that relates dynamic pressure 
and viscous stress for vapor flow over a 
spherical particle. Many of these coefficients 
have parameters that depend on the specific 
geometry of the phenomenon being modeled: 
particle sizes, flow-channel diameters, 
heat-transfer contact areas. Thus, an impor- 
tant step in the analysis is a realistic descrip- 
tion of the physical configuration. 

Next, attempts are made to "benchmark" 
the model by comparing its predictions with 

experiments dealing directly with the 
phenomenon. Some of these experiments are 
done at Los Alamos, but most are carried 
out at other laboratories. SIMMER is run 
using only the exchange functions, the 
geometry, and those parts of the code neces- 
sary to the particular experiment being sim- 
ulated. At this point, the model can be "fine 
tuned" by adjusting coefficients until the 
desired agreement between calculated and 
experimental results is achieved. 

As implied by this discussion, the Eulerian 
mesh imposes a certain geometrical scale on 
the problem, but the exchange functions 
allow for effects due to a finer scale. Each 
function depends on local cell conditions, 
including the predicted characteristics of the 
microscale geometry. 

The properties of the microscale geometry 
in the structure field are based on a typical 
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fuel assembly. Included are flow-channel 
diameters, the properties of surfaces interact- 
ing with the flow of the liquid and vapor 
fields, and the thicknesses and order of 
layered materials of the fuel pins, assembly 
walls, and solidified material. 

The liquid field is generally viewed as 
dispersed immiscible droplets in a con- 
tinuous vapor field. This concept is ex- 
trapolated to simulate situations where the 
liquid is continuous. Solid particle sizes are 
specified directly, but liquid-droplet 
diameters are computed by balancing local 
fluid-dynamic and surface-tension forces and 
by tabulating all local coalescenses. 

All transfer processes expected to have 
any significant strength are included in SIM- 
MER as exchange functions. These are listed 
in Table 11. The sheer number of these 
processes illustrates the high degree of in- 
teractivity among physical processes at- 
tempted in SIMMER and required of any 
reliable mechanistic approach. 

Also important is the ability of the code to 
deal with a wide range of transient 
phenomena in many environments. During 
an accident, stationary materials become 
mobile, flow obstructions such as duct walls 
are removed, and normal flow channels 
become blocked. This alteration of normal 
core geometry is included through exchange 
functions related to structure melting, struc- 
ture disintegration by local thermal and 
pressure loads, and freezing of liquids on 
structures. Also, functions representing mi- 
croscale geometry provide areas and dis- 
tributions of particles and droplets for heat 
transfer, phase change, and coalescence 
phenomena calculations. 

A DROPLET HEAT-TRANSFER MODEL. AS 
an example of the level of detail incorporated 
in the models used in SIMMER, the liq- 
uid-liquid heat-transfer model will be out- 
lined here. This model assumes that each 
droplet sweeps out a volume determined by 
its radius and velocity and then collides with 
other droplets in that volume. The average 

Fig. 7. Droplet-drop let collision and associated heat-transfer parameters. 

fluctuating velocity used may differ from the 
liquid-field velocity or from component to 
component because of acceleration dif- 
ferences due to droplet sizes and densities. A 
collision rate between various liquid compo- 
nents is calculated for each mesh cell. 

Figure 7 illustrates three other parameters 
used in the heat-transfer calculation. The 
collisional contact area is based on the 
cross-sectional area of the smaller droplet, 
but a correction factor is included to approx- 
imately account for relative velocity and 
angle of impact. The heat-transfer rate per 
unit area is assumed to be quasistatic and is 
based on conduction between the two slabs 
of material next to the contact surface. Each 
slab thickness is taken as 20 per cent of the 
droplet's radius; this short conduction length 
is due to the fact that most of the heat 
capacity in a sphere is effectively near the 

outer surface. Contact time is estimated from 
the time the respective droplet volumes in- 
tersect. * 

The heat-transfer rate per unit volume is 
the product of contact area, time of contact, 
heat-transfer rate per unit area, collisional 
rate, and the temperature difference between 
droplets. The final equation is in terms of cell 
parameters: the radius and temperature of 
each droplet, the liquid volume fraction, and 
the heat conductivities of both components. 

EQUATION OF STATE. The multi- 
component equation of state that completes 
the coupling between the fields can take one 
of two forms in SIMMER. An analytic equa- 
tion-of-state approach requires direct input 
of material properties such as specific heats, 
heats of fusion and vaporization, and vapor 
pressures. The equations then relate the 

LOS ALAMOS SCIENCE 



BREEDER REACTOR SAFETY-MODELING THE IMPOSSIBLE 

~ g .  8. Schematic of the coupling between the neutrofties and the fluid-dynamics calculational laps in SIMMER 

microscopic density and internal energy of 
the components in each field to the pressure 
and temperatures. The reference energy 
states of all materials are synchronized to a 
temperature of 0 kelvin. Also, the vapor 
materials are assumed to obey the simple 
concepts of ideal gas mixtures. 

The other approach is a tabular equation 
of state that enables data from the Los 
Alamos equation-of-state library, Sesame, to 
be used. This library provides a wider and 
more realistic data base than can be obtained 
with an analytic approach, but the interfac- 
ing of the conservation equations and ex- 
change functions with the tables has not yet 
been fully completed. 

NEUTRONICS. Coupled with the fluid 
dynamics analysis is a calculation of the 
neutronic and power response of the disrupt- 
ing core. Thus, as shown in Fig. 8, SIMMER 
consists of two interacting calculational 

loops: one for thud dynamics and one for 
neutronics. 

The mesh structure used for the fluid 
dynamics calculations is also the basis for 
the neutronies calculations. However, re- 
gions where neutronic effects are known to 
be negligible can be eliminated. Also, specifi- 
ed regions can be further subdivided when 
needed to obtain realistic representations of 
neatrunic spatial effects. 

The neutronics and fluid dynamics equa- 
tions are not solved for the same time step, 
but are required to agree at certain times. 
This approach is what permits the separation 
of the two loops. The interaction between 
loops occurs with the transfer of such key 
quantities as material temperatures, densi- 
ties, and heat generation rates. 

Three levels of sophistication are provided 
in SIMMER for the neutronics loop. The 
simplest approach assumes a uniform neu- 
tron distribution in space and an invariant 

energy spectrum during the transient Reac- 
tivity feedbacks are derived from overall 
reactivity coefficients and, for each material, 
a reactivity effect per unit mass. This ap- 
proach is known as "point kinetics" since it 
treats the reactor as a single point in space. 
Because of its simplicity, it appears in SIM- 
MER merely as a *step in the fluid dynamics 
loop. 

As the core becomes more disorganized, 
neutronic characteristics change markedly, 
requiring an approach that incorporates 
space, time, and spectral effects. In some 
cases, a diffusion treatment of neutron trans- 
port in space can be used that represents an 
intermediate level of sophistication and has 
the advantage of numerical economy. hi 
general, however, an approach using the full 
neutron transport or neutron conservation 
equation is necessary. This approach in- 
cludes the dependence of the neutron dis- 
tribution on space, time, neutron energy, and 
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The combination of the features discussed 
above resulted in a flexible code capable of 
simulating experiments, performing con- 
trolled examinations of isolated phenomena, 
and analyzing severe accident behavior in a 
variety of reactor configurations. As a result, 
an interactive approach involving applica- 
tions and testing was implemented early in 
the development of the code with very fruit- 
ful results. 

The first major application came in 1977 
when SIMMER I, the first version, was still in 
a developmental stage. This application in- 
volved an investigation of the hypothetical 
accident already described in which the core 
suffers a super-prompt-critical excursion 
producing a state, of high thermal energy 
(fuel temperatures on the order of 4000 to 
6000 kelvin and a maximum vapor pressure 
of approximately 25 megapascals). As pre-' 
viously noted, the isentropic expansion 
analysis of this event indicates that the pool 
of liquid sodium should surge up against the 
reactor head, generating large pressures and 
structural deformations, and could thus pose 
a threat to primary containment. 

In 1977 the SIMMER I capabilities were 
adequate for a more realistic analysis of this 
expansion process. These capabilities in- 
cluded the modeling of a multitude of 
heat-transfer processes, structural con- 
straints on fluid flows, and mass-transfer 
effects, all in a transient context. To every- 
one's surprise, the calculated mechanical 
energy was only about 5 per cent of that 
from the isentropic expansion for identical 
initial conditions. 

The impacts of this finding, if substan- 
tiated, are fourfold. First, the damage poten- 
tial of severe accidents was previously being 

I 0 

Fuel T 

Fig. 9. Reactor damage potential (fbiid kinetic energy) versus accident severity (initial 
fuel temperature) calculated by SIMMER and by assuming an isentropic expansion of 
the fuel. The band represents the effect of SIMMER modeling uncertainties. 

estimated in an overly conservative fashion. 
Second, the ability of reactor containment 
systems to withstand severe accidents and 
thereby protect the public may be substan- 
tially greater than thought. Third, the extent 
to which the highly complex parts of the 
severe accidents are resolved could be relax- 
ed by allowing some difficult phenomena to 
retain large uncertainties. Finally, a 
phenomenological signature of the expansion 
was established against which concepts and 

estimates could be tested. 
Follow-up investigations with an im- 

proved and expanded version of the code, 
SIMMER 11, revealed the reduction in me- 
chanical energy to be due to interactions 
among the various aspects of the expansion 
process. For example, the pin structure in the 
upper core produces a strong throttling effect 
that prevents rapid discharge of core materi- 
al into the sodium pool as well as redirecting 
heat flow so that not all the available energy 
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Fig. 10. Two examples of the power and 
reactivity response calculated by SIM- 
MER for a lmuid-metal fast breeder 
during a hypothetical accident. Initial 
conditions are identical except in a) 
large amounts of fuel are able to escape 
through the axial blanket sections while 
in b) the channels within the axial 
blanket sections of the fuel pins are 
clogged and only slight amounts of fuel 
escape. (The unit of reactivity is the 
dollar; one dollar is the reactivity change 
between delayed-critical and 
prompt-critical conditions.) 
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is delivered to the sodium. Nonuniform ex- 
pansion, resulting from interaction with core 
structure and from preferential expansion of 
the hottest fuel, also leads to a considerable 
drop in the effective expansion pressures. 

The investigations also showed that the 
reduction was highly insensitive to modeling 
uncertainties. This result is summarized in 
Fig. 9, where the calculated fluid kinetic 
energy due to the expansion is plotted 
against accident severity in terms of the 
initial fuel temperature at the start of the 
expansion. The band on the figure represents 
the combined interactive influence of mod- 
eling uncertainties; it was determined by 
assigning estimated uncertainties to 25 ex- 
change processes important to the accident, 
randomly selecting values within these un- 
certainty ranges, and then repeatedly redoing 
the SIMMER calculations. The result shows 
that known modeling inadequacies can be 
tolerated without compromising the grat- 
ifying reduction in damage potential. 

As a result of this early work, there is 
presently an international interest in SIM- 
MER and its capabilities. Major laboratories 
and government agencies in the United King- 
dom, West Germany, Italy, and Japan, as 
well as industrial contractors in the United 
States, are actively utilizing SIMMER. 

The second major application of SIMMER 

was initiated in 1979. This was the first 



attempt to simulate an actual core meltdown 
transient on a whole-core scale with coupled 
space-time neutronics and comprehensive 
thermal-fluid dynamics. The results of two 
calculations are shown in Fig. 10. The initial 
conditions and modeling assumptions are 
identical for both calculations except that the 
result shown in Fig. lOa assumed easy fuel 
transport through the axial blankets and 
thereby considerable fuel escape from the 
active core regions while the result shown in 
Fig. lob assumed rapid freezing of the fuel in 
the escape paths and thereby slight fuel 
escape. This approach illustrates the method 
of dealing with modeling uncertainties by 
varying one key aspect and so bracketing the 
phenomenon of interest between two ex- 
tremes. 

Comparison of the transient power for 
these two extremes indicates the crucial 
effect of fuel removal. When fuel can escape 
easily, power dwindles to low levels within 3 
seconds and at no time does it get much 
higher than lo9 watts. However, when fuel 
escape is clogged, the result is continued 
power excursions with peaks of 1012 watts as 
late as 5 seconds into the accident. 

This second application of SIMMER pro- 
vided major insights into the characteristics 
of core disruption from a transient point of 
view and called into question qualitative 
views derived from steady-state perceptions. 
This latter point of view suggested that a few 
generic physical processes control the acci- 
dent behavior, such as a material boilup in 
the core that permanently disperses the fuel 
and prevents recriticality. The transient con- 
text indicated that these processes may not 
be continuously operative; for example, even 
after boilup the fuel could flow back together 
into inother critical mass. 

Since full-scale, severe accident experi- 
ments are not considered desirable or 
feasible, there is a need to test the predictive 
capability of SIMMER through application to 
a wide spectrum of specialized experiments. 
One example of the various experiments 
simulated by SIMMER I1 has to do with the 

previously mentioned freezing and plugging 
phenomenon that may occur during a severe 
accident. Experiments conducted at Argonne 
National Laboratory examined this 
phenomenon, using a hot, molten thermite 
injected into the channel between s teel-clad 
blanket fuel pins. The molten therrnite con- 
tains molybdenum, which represents melted 
stainless steel, and uranium oxides, which 
represent melted fuel. The full experiment 
simulates the pressurized flow of melted fuel 
up into the blanket region of the core. The 
code successfully simulated the degree of 
transport of therrnite into the channels, the 
plugging phenomenon, and the amount of 
destruction of the pins for a variety of initial 
conditions. 

Conclusions. 

Because of these SIMMER analyses, the 
necessary conditions for avoiding severe ac- 
cidents are becoming discernible. As a result, 
research directions are being reassessed and 
the discussion of these accidents is turning 
from broad opinions to factual support of 
specific models. 

The analytical results obtained so far have 
encouraged us to feel it is possible to unfold 
the accident path in a way that adequately 
represents reality. The fact that development 
of mechanistic computer codes has been 
supported by various parties in the breeder 
community for a number of years indicates a 
strong desire by the industry to also face that 
reality. 

Moreover, since it is not reality, but rather 
the uncertainty surrounding a vague possi- 
bility, that leads to greater fear in the minds 
of people, it is necessary to continue refining 
the analytic tools and extending the ex- 
perimental base for the study of severe 
accidents in the fast breeder. Only then can 
informed decisions be made concerning the 
safety of this potentially very beneficial mod- 
ern alchemy. 
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The American Breeder Reactor
COMMENT BY JAY BOUDREAU

rom its inception the breeder

F
.

reactor has been described as
a self-fueling energy machine,
the answer to our energy

needs in the coming century. The United
States started up the world’s first breeder
reactor in 1951 and followed with an
operational pilot plant in 1963, the 20-
megawatt-electric (MWe) Experimental
Breeder Reactor II (EBR II). In 1969 we
completed the initial design for an inter-
mediate size (300-MWe) breeder reactor
to be built at Clinch River, Tennessee, as
the major step toward a commercially
viable power generation system. In 1971
President Nixon established the liq-
uid-metal fast breeder reactor (LMFBR)
as the nation’s highest priority research
and development effort. Yet today, ten
years later, we have slipped from our
world preeminence in breeder technolo-
gy, and the direction and very future of
the breeder development program in the
United States is now uncertain.

Meanwhile, the French, the British,
and the Russians proceeded with their
own original plans: the 250-MWe
Phenix, the 250-MWe Prototype Fast
Reactor (PFR), and the 350-MWe
Bystrye Neitrony (BN-350) all came
on--line about 1974. The French and the
Russians have continued their programs.
The Russian 600-MWe Bystrye
Neitrony (BN-600) came on-line in 1979;
their 1600-MWe Bystrye Neitrony
(BN-1600) is scheduled for 1986. The
1200-MWe French Super-Phenix is
scheduled for completion in 1984. Today
it is France who leads the world in
breeder reactor technology.

The slowdown and all-but demise of
the American breeder reactor program
have resulted partly from uranium fuel
costs, partly from breeder reactor de-
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velopment costs, and partly from the
politics of nonproliferation of nuclear
weapons. Just the cost of producing
plutonium fuel from a breeder is high
enough to keep utility companies in the
United States from being seriously in-
terested in the breeder at this time. For
example, the current market price of
mined, processed uranium fuel (yellow-
cake), which is $25 per pound, would
have to increase to nearly $165 per
pound in today’s dollars before the
breeder would be financially competitive
with the light-water reactor. cost
equivalence might take seventy-five to
one hundred years unless crises arise in
fossil fuels and imported oil. Conse-
quently, today there is little market pres-
sure to maintain the impetus of the
breeder programs begun in the Nixon
era.

The cost of development and con-
struction is another problem in the
breeder reactor program. Currently, the
capital cost of the breeder is significantly
higher than that of the light-water reac-
tor. Constructing a 1000-MWe
light-water reactor would cost about
$1.7 billion, while a fast breeder reactor
system of comparable power could cost
$3.4 billion. Because of the excessive
cost, United States utility companies are
reluctant to undertake the purchase of a
breeder system without government sub-
sidies. In France, where there is a short-
age of domestic energy resources,
breeder construction is subsidized as a
matter of government policy. However,
in this country opposition to such a
policy has come from both political
parties. For example, in a 1977 letter to
the House of Representatives, Michigan
Congressman David Stockman, who is
now President Reagan’s Budget Direc-

tor, denounced the Clinch River project
as “totally incompatible with our free
market approach to energy policy.”

The politics of nuclear weapons pro-
liferation is still another issue in the
breeder program. Because of grave in-
ternational concern about proliferation,
President Carter in April 1977 called for
indefinite deferral of construction of
commercial breeder reactors. Breeders
are considered hazardous because they
produce rather large quantities of
plutonium, the basic material of nuclear
weapons. However, separation of
plutonium from breeder reactor fuel re-
quires sophisticated reprocessing, and
fabrication of nuclear weapons requires
still further technology. The Interna-
tional Fuel Cycle Evaluation report pub-
lished in 1979 found that the breeder fuel
cycle poses no greater threat of interna-
tional weapons proliferation than does
the light-water reactor system. In 1981
an Iraqi reactor was destroyed by Israel
in order to stop development of nuclear
weapons in Iraq; that reactor was not a
breeder but a light-water type. In the
United States the proliferation-inspired
moratorium has locked up our breeder
program for four years; now, under a
new administration, we are just begin-
ning to take another look at the pro-
gram. Whether the breeder development
should simply pick up where it left off is
open to question.

On the technical side the case for
completing the 350-MWe Clinch River
breeder reactor as a demonstration,
power-producing facility is debatable.
The reason for building commercial
plants of gradually increasing size is to
learn about scaling. It is not possible, for
example, to ensure successful construc-
tion and operation of a 1000-MWe
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breeder facility by extrapolating from
our experience with the 20-MWe Ex-
perimental Breeder Reactor II. Thus,
Clinch River was to be a steppingstone,

On the other hand, even during the
Carter deferral of commercialization,
funding for building and testing Clinch
River’s large components continued. The
Department of Energy constructed large
facilities specifically designed to test
pumps, heat exchangers, and other parts.
By now the components have been large-
ly tested, and most of what will be
learned from building Clinch River will
be how the components behave together
in an operating plant. While this is
valuable knowledge, its direct ap-
plicability is diminished by the fact that
present plans for the next generation
facility, familiarly known as Son of
Clinch, do not retain the same design
features. Therefore, from a developmen-
tal point of view, the Clinch River
project would increase in value if its
design were modified to include these
new features.

An even more important step toward
commercialization would be construc-
tion of a larger, more advanced develop-
mental plant. The concept for this larger
plant is another result of the moratorium
on breeder commercialization. When
President Carter stopped the Clinch Riv-
er project in 1977, he instituted a
four-year conceptual design study to
evaluate a variety of breeder designs that
might minimize the threat of prolifera-
tion and enhance overall breeder effec-
tiveness. The report, just issued to Con-
gress last March, outlines a modern,
streamlined, large developmental plant
with state-of-the-art features not avail-
able when the Clinch River breeder was
designed. This large developmental plant
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has more advanced pumps, heat ex-
changers, steam generators, and cooling
loops. Its design is close to what we now
envision for commercial plants. How-
ever, technical considerations alone do
not dictate the timing for such a plant.

There are two questions. How can we
finance the large developmental plant?
And how should its construction tie in
with the now revived Clinch River
project? The large developmental plant
is in the 1000-MWe range and, as men-
tioned before, would cost $3.4 billion in
1981 dollars. One option would be to
begin the large plant at some time in the
future when expenditures for Clinch Riv-
er have declined, But if too much time
elapses, companies will not be able to
afford to keep the existing cadre of
experienced designers and reactor manu-
facturers on the payroll. The team will
disband, and the price this country will
pay is the lead time necessary to re-
assemble the team. No one really knows
how many years this would take or what
it would cost.

So far, $1 billion in tax dollars has
been spent on Clinch River; the total
cost estimate in current dollars is $3.0 to
$3.2 billion. The original cost estimate
was $700 million. An associated reproc-
essing facility is also planned, and its
development could cost as much as
another $1 billion. To build the large
plant concurrently would require an in-
novative financing scheme. One sugges-
tion is a Congressionally chartered cor-
poration composed of personnel from
government, from national laboratories,
and from industries and utilities. The
corporation would be empowered to
enter the private capital market to seek
funding. The government could provide
a loan guarantee and could possibly pay

the interest on the loan. The term of the
loan would commence during plant con-
struction and would terminate when the
loan had been repaid from revenue gen-
erated by power sales. Revenue from
continued operation would be used to
repay Treasury for its contribution of
interest monies. Such a scheme could
reduce to $800 million the government
investment in the large plant.

Two decades ago the breeder reactor
was an experimental technology with
great promise for solving future energy
problems. The United States was a world
leader in that technology. Now, when
energy is a very immediate problem for
most of the world, breeder reactors in
France and in the Soviet Union are
beginning to fulfill their promise. But we
are still in the developmental stage; we
have lost our sense of urgency about
breeders; and our entire nuclear industry
is just beginning to recover from the
aftereffects of the Three Mile Island
accident.

Our country’s energy future is not at
all secure; another series of crises over
imported oil and new demands and high-
er prices for uranium could make the
breeder reactor very attractive thirty
years from now. From our own ex-
perience and from watching the Europe-
an efforts, we know that development
and commercial plant production take
twenty years or more. We also know
that the costs of development and con-
struction are rising rapidly. Much of the
preliminary testing of breeder reactor
components is done. Now the
moratorium is over. It seems a good time
to go forward either
intermediate project at
with a new large
plant—or with both. ■

with a revised
Clinch River or
developmental
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nine o'clock in the morning operators 
found that locks and chains had been 
removed from other valves on three 
auxiliary feedwater pumps. The valves' 
however' were all in the normal, open 
position. But neither these locks and 
chains nor the ones for the suction-line 
valve could be found. 

Duquesne Light Companyy licensee of 
the Beaver Valley nuclear plant' im- 
mediately isolated the plant's vital areas 
and stepped up security. Operators 
began checking key equipment every 
two to four hours. And the Pittsburgh 
ofice of the Federal Bureau of Investiga- 
tion began looking for the culprit. 

The valve incident at Beaver Valley is 
over. Whatever the actual cause was, 
there was no effect on the plant. The 
inspection system functioned as in- 
tended. The power plant continues to 
operate. But this successful detection of 
tampering and protection of plant vital 
areas has significance f a  beyond Beaver 
Valley. 

Concern for Security 

Protecting American nuclear power 
plants from internal sabotage and ex- 
ternal attack has long been a major 
concern of the United States Nuclear 
Regulatory Commission. Studies 
performed in the early seventies in- 
dicated that nuclear power plants were 
not attractive targets for terrorism and 
that their construction was highly resis- 
tant to damage' yet there were condi- 
tions under which the radioactive con- 
tainment features could be sabotaged. 
This conclusion prompted the Nuclear 
Regulatory C o ~ s s i o n y  in February 
1977, to publish a revised section to the 
Code of Federal Regulations, Title 10 

Part 73.55. 
The new requirements were aimed 

specfically at countering any form of 
sabotage that could release radioactive 
material and thereby create a hazard for 
the general public. But implementation 
of the new law required reviewing and 
upgrading the security plans for more 
than 70 nuclear power plants each with 
unique nuclear and secondary systems 
and unique geographic and demographic 
environments. (There is no "standard 
nuclear plant" in the United States. Al- 
though a single manufacturer may pro- 
vide the basic reactor system for a group 
of plants, the remainder of each plant is 
a composite provided by various con- 
tractors.) 

The Nuclear Regulatory Commission 
recognized the complexity of the security 
review project from the very beginning 
and the Commission called upon Los 
Alamos for engineering support even 
before final adoption of the new regu- 
lations. Eight teams were formed to 
analyze individual plans for physical 
security. Each team had one h s  
Alamos engineer for mechanical systems 
and one for electrical systems and two 
Nuclear Regulatory Commission per- 
sonnel. Over a period of 18 months, 
beginning in February 1977' these teams 
visited every operating commercial pow- 
er reactor in the United States at least 
once and many several times. What 
these teams learned from site visits and 
from security plans provided by the 
licensees was analyzed to determine how 
well each plant fulfded the requirements 
of the new security rule. When deficien- 
cies werb found, the licensees were re- 
quired to correct them. 

Early in 1978 the Nuclear Regulatory 
Commission organized three additional 

teams of two Los Alamos engineers 
each' with support from Science and 
Engineering Associates of Albuquerque, 
to pinpoint potential sabotage targets at 
all nuclear power plants in the country 
and thus identZy exactly what was the 
vital equipment that needed to be pro- 
tected. These teams have visited 50 of 
the 70 nuclear reactors in the U.S. and 
their work is still underway. 

Altogether the review process has had 
a profound effect upon the planning for 
security at nuclear power plantsy espe- 
cially in d e f h g  what we are trying to 
protect, what kinds of threats we face, 
and how we can realize the largest return 
for our investment in nuclear plant secur- 
ity. The review process also has implica- 
tions for nuclear plant safety. 

Protecting &operty or People? 

Before designing a physical security 
plan, two basic questions need to be 
answered. First, what is to be protected? 
The Nuclear Regulatory Commission 
answered this very simply: in this case, 
protection is not for the power plant but 
for the health and safety of the public. 
The purpose is to prevent cGradiological 
sabotage.'' Radiological sabotage is de- 
fmed in terms of a maximum radiation 
level established in the Federal regu- 
lations for siting nuclear power plants. It 
is any deliberate act that causes a radi- 
ation release suficient to provide a dose 
of more than 300 rem to the thyroid or 
25 rem to the whole body of a person 
who remains at the edge of the plant 
exclusion area for 2 hours dter the 
release. 

The decision to protect against a 
radioactive material release rather than 
to protect the entire power plant is 
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conceptually important because it allows 
the plant area and the analysis of physi- 
cal security to be divided into two parts. 
The large area containing all compo- 
nents of the nuclear power plant is 
commonly called the protected area, and 
it is at the boundary of this area where 
physical security measures start. An in- 
truder may get into the protected area 
and inflict damage to plant systems that 
interrupts normal operation, yet his ac- 
tions here do not cause a radioactive 
release. The security analysis of the 
protected area concerns mainly the re- 
sponse of a guard force to a detected 
intrusion. 

Within the general protected area are 
specific areas that are vital to radio- 
logical security; disabling equipment or 
systems in these vital areas could either 
directly cause a radiological release or 
prevent mitigation of a threatened re- 
lease caused by damage elsewhere. Typi- 
cal vital equipment includes the reactor 
containment, the main reactor controls, 
and the pumps, piping, and valves essen- 
tial for reactor cooling. Analysis of the 
plant involves identifying vital equip- 
ment, pinpointing the actual location of 
that equipment at the plant site, and 
predicting the response of the reactor to 
sabotage of that equipment. 

A second question is equally impor- 
tant to the design of a physical security 
plan. What is the threat? The answer to 
this question is not easy. Real sabotage 
threats might range in size from a single 
person to a large paramilitary force.. 
Motivations might include the illusions 
of the individual terrorist as well as the 
grand mission of an antinuclear move- 
ment. Methods might include direct ex- 
ternal attack as well as covert operations 
by persons inside the plant. Before 1974, 

the postulated external threat to a nucle- 
ar plant was generally considered to be 
of the lone bank-robber type. However, 
because of the growing concern about 
terrorists, the regulations issued in Feb- 
ruary 1977 by the Nuclear Regulatory 
Commission defined the design-basis 
threat to nuclear power plants to be a 
small group of dedicated, well-equipped, 
and well-trained attackers with or 
without assistance from a person inside 
the plant. 

The Commission's defmition of the 
threat put plant security in another light. 
Ordinarily, nuclear power plants would 
seem to be very difficult sabotage 
targets. The plant components and struc- 
tures are large and strong and have 
many redundant control, safety, and 
shutdown systems. Redundancy in the 
design comes from the "single-failure" 
concept; under this concept we assume 
that accidental single failures may occur 
in any component in a system and, 
therefore, we must have backup compo- 
nents. However, we now realize that a 
well-trained, knowledgeable team of ter- 
rorists could circumvent this inherent 
safety feature by deliberately causing 
multiple failures in a selected system. 
Such a postulated threat, of course, 
introduces further complexity into the 
system analysis. But it is this same kind 
of common-mode failure where a single 
event precipitates a simultaneous multi- 
ple failure of some key system that has 
been highlighted by the Three Mile Is- 
land accident. 

Requirements for the Protected Area 

Postulate a team of saboteurs trying 
to enter a power plant's protected area 
and reach a vital area. How are they 

detected? How do the guards know 
whether the alarm is real? Where is this 
team going and how strong are they? 
How should the guard force be deployed 
to intercept them? What type of arma- 
ments will best counter this threat? 
Which would be more effective in delay- 
ing this threat until the police ar- 
rive-stronger doors at vital areas or a 
larger guard force? 

As these questions illustrate, a nuclear 
power plant security system has many 
elements: physical barriers, detection de- 
vices, alarm systems, communication 
systems, guard training, guard force 
levels, and armaments. The engineering 
teams found that the combination of 
security elements and their interactions 
were unique to each plant. The main task 
for the Los Alamos engineers was to 
assist personnel from the Nuclear Regu- 
latory Commission in comparing and 
evaluating the technical aspects of each 
plant's security system with the Com- 
mission's published requirements for se- 
curity. 

Then, since all the individual compo- 
nents of a physical security system must 
fmction together, the teams postulated 
intrusion scenarios in the protected areas 
to see if the plant guard force could 
respond in time to prevent the saboteurs 
from gaining access to a vital area. 

Here are examples of some of the 
security elements and interrelationships 
that needed to be considered by the 
Nuclear Regulatory Commission and 
the engineering teams. For the simulated 
attack shown in Fig. 1, at point A the 
attackers breach the protected area bar- 
rier, usually an 8-foot cyclone fence 
topped with three strands of barbed wire. 
How fast can they do this? The times 
needed to breach many types of barriers 
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with a variety of mechanical and ex- 
plosive tools have been determined by 
repeated experiments at Sandia. In this 
case a cyclone fence is not a very 
effective barrier and can be climbed or 
penetrated in seconds. Even though vi- 
bration sensors or other detection sys- 
tems may be on the fence9 its major 
purpose is simply to defme and limit the 
boundary of the protected area. 

In this example, more effective protec- 
tive elements are just inside the fence. 
Here, sighting dong a level area kept 
clear of herbagey is an intrusion-detec- 
tion device, perhaps a microwave system 
combined with electric-field9 MraredÂ or 
seismic detectors. 'When the attackers 
breach the protected areay this system 

. !signals two alarm stations with visual 
and audible alarms. 

The alarm signals the guardsy but is 
the pnetration red? Also sighting along 
this cleared area are a number of closed- 
circuit television cameras. A view of the 
penetrated section of the fence is dis- 
played automatically so guards can de- 
termine whether the alarm is real. If so, 
the station guards call out the response 
force and initiate other necessary ac- 
tionsÂ such as notifying outside law- 
enforcement agencies. 

Several questions are addressed in this 
part of the security review. Is this area 
lighted well enough? Should a closed- 
circuit camera be placed to view this 
door? Are the guard patrols frequent 
and random enough in this area to keep 
the probability low that the attackers will 
reach point B while the guards are at 
other distant locations in the plant site? 
How long will it take a well-equipped 
team to penetrate the barrier at B' 

Once inside the building, the attac~ers 
attempt to move to point C, breach this 

door and reach the vital component 
inside, Should the barrier at C be 
strengthened? What is the measure of 
the reliability of the guard force com- 
munications system used to cope with 
this situation? Does guard force training 
permit an efficient, coordinated attempt 
to prevent the saboteurs from reaching 
their objective? 

One. suggested analytic method for 
answering these questions was a com- 
puter code developed by Sandia Na- 
tional Laboratory for the Nuclear Regu- 
latory Commission; it is cded  EASI (for 
estimate of adversary sequence interrup- 
tion). In this code the properties of the 
protective systemsÂ such as the eaciency 
of the intrusion-detection system, the 

reliability of communicationsy and the 
t h e  for the guard force to respondÂ are 
balanced against the time it takes the 
attacker to penetrate the various barriers 
and perform his sabotage. The com- 
parision produces an estimate of the 
probability that the response force can 
intercept the attackers before they can 
do their mischief. 

Although the basic EASI calculations 
are relatively simpleÂ the large number of 
dif'ferent elements makes the task ideal 
for computer analysis. By manipulating 
the variables of attack and responsey the 
teams could evaluate tradeoffs and de- 
termine which would give the greatest 
protection for the money invested. One 
version of the code runs on hand-held 

Fig. 1. Action sequence for a hypothetical sabotuge attack. 

W S  ALMOS SCIENCE 



SHORT SUBJECTS 

computers; thus teams could evaluate 
facilities in the field and licensees could 
analyze their own plants. 

The data needed for the EASI 
analysis-times for barrier penetration, 
distance traversed, guard response, and 
the reliability of communication and de- 
tection systems-cannot have exact val- 
ues because they all have statistical 
fluctuations. Thus, the method can only 
provide a percentage estimate of guard 
success in interrupting hypothetical at- 
tackers. However, the method is ideal for 
evaluating the relative worth of several 
protective systems or the proposed im- 
provements for a given system. 

This type of analysis is illustrated in 
Fig. 2, a three-dimensional plot used to 

analyze one aspect of a protective sys- 
tem: the interruption probability versus 
the guard-force response time and the 
time to breach door B of Fig. 1. Point I 
toward the lower front corner represents 
a long guard response time (12 minutes), 
a short time for the saboteurs to breach 
door B (4 minutes), and thus, a low 
probability of interruption (5%). If this 
plot represented an actual data point for 
a plant, a Nuclear Regulatory Com- 
mission reviewer would note a physical 
security problem. The plant owner, look- 
ing at this same plot, could correct the 
defect by either shortening guard re- 
sponse time or increasing barrier 
strength at point B. In  this particular 
case, he might decide that it would be 

Fig. 2. Probability of interrupting hypothetical saboteurs as a function of guard 
response time and the time required to breach a locked rear door, as calculated with 
EASI. 

more cost effective to strengthen the 
door and raise the breach time to 16 
minutes (point 11), thereby increasing the 
probability of interruption from 5% to 
nearly 90%. Whatever modification the 
owner makes, the Commission reviewer 
will be satisfied when the probability of 
interruption is high enough. 

Intrusion games can be played many 
times for each plant and the interruption 
probability can be plotted as a function 
of virtually any variable. Such analyses 
have allowed numerical assessment of 
complicated physical security problems. 
The three-dimensional aspect of these 
EASI plots is especially helpful in reveal- 
ing either steep or flat regions on the 
probability surface. A steep region will 
cause dramatic increases in the probabil- 
ity of interruption for small irnprove- 
ments (such as  from point I to point 11), 
whereas a flat region (such as from point 
I1 to point 111) shows where further 
improvements may not be cost effective. 

One important aspect of physical 
plant security not directly covered in our 
scenario is protection of the plant from 
the inside man, a plant employee in any 
position of responsibility or even a vis- 
itor. Three protection methods have been 
suggested to plant owners: limit access 
to vital areas; prevent anyone from being 
in a vital area alone (the two-man rule); 
and allow only cleared persons into vital 
areas. An example of the two-man rule 
as protection from an inside saboteur is 
the use of two alarm stations; since the 
stations have identical alarms and con- 
trols, the guard in either station can 
monitor the other. 

A number of other measures protect 
against a potential saboteur, who may be 
either a visitor or an employee. Access 
to the protected area is through a single - 
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gate where all persons are identified and 
checked for contraband. The last door 
from the entry guard station to the 
protected area can only be opened by a 
guard behind a rifle-proof barrier, and 
another guard observes this operation to 
prevent an inside man from letting a 
collaborator in. Similar precautions are 
followed for entry of vehicles. In fact, all 
packages in delivery vehicles must be 
identified, the shipment administratively 
verified, and the packages off-loaded at a 
special receiving area near the perimeter 
of the protected area. 

Defining Vital Areas 

Suppose a team of saboteurs gains 
entrance to the plant despite the protec- 
tive measures. Or suppose a saboteur is 
already in the plant as an insider. Which 
components would the saboteurs go af- 
ter? Where are they located? If the 
sabotage attempt succeeds, will the crip- 
pled reactor release a significant amount 
of radioactive material? To answer these 
kinds of questions, the engineering teams 
had to start by locating potential targets, 
the plant's vital equipment. To assure 
complete protection, all vital equipment 
must be so designated. However, the 
designation of noncritical areas as vital 
would add unnecessarily to plant costs 
and the burden of the plant security 
force. Such unnecessary designations 
could also add to safety problems. 

The Nuclear Regulatory Commission 
has defined two levels of vital areas. A 
Type 1 vital area is a single location 
where a saboteur could cause successful 
radiological sabotage (for example, the 
nuclear reactor containment building). A 
Type 2 vital area contains equipment 
insufficient in itself to achieve a suc- 

Sidebar : A FAULT TREE FOR 
HOUSEHOLD SABOTAGE 

c onsider an imaginary saboteur intent on disabling the 
heating system of a certain residence. First, of course, 
she gathers information about the system's compo- 

nents and learns that the house is equipped with a forced-air 
gas furnace in the utility room, a main gas valve in the yard, a 
thermostat in the living room, heat vents in the kitchen, dinette, 
bedroom, and bathroom, a wood-burning stove in the living 
room, and wood supplies in the living room and yard. 

Because this particular saboteur has a rather analytic mind, 
she uses the following method to select a course of action. 
First, she draws a fault tree to show the possible paths to the 
goal. She uses the "and" symbol (Q) to indicate actions all of 
which are required to produce the desired effect and the "or" 
symbol (0) to indicate actions each of which is sufficient in 
itself. Then, she ponders-analyzes-this fault tree and com- 
piles a list of the various location scenarios, as she cafls them, 
at which actions must occur to accomplish the crime. She also 
fists the various event scenarios, or necessary actions, as- 
sociated with each location scenario. 

The saboteur may now select a location scenario that seems 
most advantageous. Being sensible, she rejects those location 
scenarios requiring her presence in all or nearly all rooms of 
the house. A decision among the other possibilities will be 
made on the basis of her personal tastes and abilities. 
Turning the tables on our imaginary saboteur, scientists at 

the Laboratory have applied this technique to one aspect of 
foiling sabotage at nuclear power plants-identification of 
"vital areaswose places or combinations of places at which 
radiological sabotage could be accomplished. Based on site- 
specific information, a fault tree for a particular plant is 
developed and analyzed with a computer program developed 
at Sandia National Laboratories. The program rejects those 
location scenarios requiring actions in an excessive number of 
places and provides a list of more credible location scenarios 
and associated event scenarios. These location scenarios may 
then be classified by the Nuclear Regulatory Commission as 
vital areas requiring implementation of various security rneas- 

'.. ures. i 
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Fig. 3. Portion of a hypothetical sabotage fault tree for a light-water reactor. 

ble event paths. When printed out in full, 
such a fault tree can be over thirty feet 
long. What we see here (Fig. 3) is a small 
part of a generic sabotage fault tree for a 
light-water reactor. 

The engineers' first step in the analytic 
process was to review each power plant's 
Final Safety Analysis Report to familiar- 
ize themselves with various plant details. 
The next step was to visit the plant to 

discuss operating procedures with plant 
engineers and operators. The purpose of 
these discussions was to gain insight into 
the ways a saboteur could initiate a 
radiological event and then disable the 
safety systems that could control or 
mitigate that event. 

These visits focused on all loss-of- 
coolant possibilities and included ex- 
amination of all water systems connect- 

ing to the reactor primary coolant sys- 
tem. Systems mitigating against this type 
of sabotage-induced event include the 
emergency core-cooling system, reactivi- 
ty-control systems, and post-accident 
heat-removal systems. The engineers 
also reviewed sabotage scenarios that 
lead to transient incidents such as loss of 
off-site power or breaching of the main 
steam lines, and identified the reactivity- 
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control and heat-removal systems neces- 
sary to control the transients. 

In one hypothetical sequence, the sab- 
oteur opened the valve on the pressurizer 
in an attempt to induce a loss-of-coolant 
accident. This initiating event is repre- 
sented in our fault tree analysis (Fig. 3) 
by the box in the lower left corner 
labelled "open pressure relief path." 
Howevery the'reactor could still be con- 
trolled by the high-pressure injection 
system; .in other words, this mitigating 
system would also have to be disabled if 
the sabotage is to be successful. Thus 
our sample fault tree leads from the 
appropriate two lower left boxes upward 
to an "andYY gate. This means that both 
events must happen before the core 
uncovers and the threat of a fuel melt 
becomes real. 

Including the reactor containmenty 
there are three general areas where 
enough radioactive material might be 
found to cause a serious release; the 
other two are the spent-fuel storage pool 
and the radioactive waste treatment sys- 
tems. Generallyy the storage pool would 
be a significant source of radioactive 
material for some length of time after 
spent ke l  assemblies were placed in it. 
The actual number of days this pool 
would be a threat depends on reactor 
core sizey the stored fuel's power history, 
site meteorology, and the type of pool 
building; this length of time was calcu- 
lated for each plant. 

The study did not overlook theft of 
fissionable materials as another form of 
possible' sabotage, but such theft was 
considered unprofitable on two ac- 
counts. First, the nuclear fuel used in 
light-water nuclear power plants is of 
such low enrichment that it cannot be 
used directly to construct nuclear ex- 

plosives. Furthery once the reactor is 
operatingy the fuel is highly radioactive 
and cannot be handled without special 
equipment. A person attempting the theft 
of this fuel would quite likely receive a 
lethal dose of radiation. The liquidy gas, 
or solid radioactive waste contained in 
the waste treatment system also was 
considered in the analysis, but usually 
there would not be enough material in 
the system for it to be of real sabotage 
concern. 

The major source of concern and 
potential for radiological release is in the 
reactor itself'. If the saboteur can cause 
the fuel to melt significantly and cause 
the c o n t h e n t  boundaries (fuel clad- 
ding, primary containment system, and 
containment building) to be breached or 
circumvented, then he can achieve suc- 
cessfd sabotage. A direct breaching of 
the containment structure would be a 
difficult task because the walls are typi- 
cally 4 to 5 feet of steel-reinforced con- 
crete; however, there are other ap- 
proaches the saboteur could envision to 
cause a radiological release that would 
be less dficult than breaching the reac- 
tor containment building. 

Ben@ts of the Study 

This review of plant security in the 
American nuclear power industry has 
given the Nuclear Regulatory Com- 
mission a sound, analytic basis for im- 
plementing its new security regulations. 
The interactions between systems were 
discussed with plant engineers and oper- 
ators and verified by reference to the 
safety reports, emergency operating pro- 
cedure~~ and various analyses done by 
equipment vendorsy national labora- 
toriesy and the Regulatory Commission. 

The reviewing process gave p l a t  op- 
erators an insight into the analytic tech- 
niques used by Los Alamos team mem- 
bers and an appreciation for the value of 
these techniques. Many of the licensees 
were skeptical about the credibility of 
outside inspection teams until they saw 
that the analyses were simpM$ng rather 
than complicating their security opera- 
tions. 

Beyond the problems of plant secur- 
ity> the study has shown the potential of 
using TRAC to identify sdety problems 
not detected by conventional safety 
analyses. The scenario that parallelled 
the Three M3e Island accident (see ac- 
cornpaying note "A Strange Coin- 
cidence") could as well have k e n  under- 
taken in a safety analysis instead of the 
security analysis. The computer code 
does not distinguish between the loss of a 
nuclear plant component from sabotage 
and the loss of that same component 
from an accident. The value of this tool 
has been demonstrated and it is now 
available to the Nuclear Regulatory 
Commission for both security and safety 
evaluations. 

Finallyy in its role as an energy re- 
search laboratoryy Los Alamos National 
Laboratory has also benefited from par- 
ticipation in this program to identify vital 
areas and to assist the Nuclear Regu- 
latory Commission in implementing se- 
curity regulations. Los Alamos engineers 
are gaining component-level familiarity 
with all nuclear power plants in the 
United States. Discussions of study re- 
sults with plant engineers have helped in 
validating and r e f ~ g  analytic tech- 
niques. And the overall effort has dem- 
onstrated another application of the 
L a b o r a t o r y ' s  t e c h n o l o g i c a l  
capabilities. rn 
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uring the vitd areas study, Los Almos nuclear 
engineers performed a series of thermal-hydraulic 
transient analyses to determine the effect of two 

sabotage scenarios involving loss of the steamgenerating 
fmction in a nuclew power plant.''' A computer-based event 
tree had flagged t b  a d a r y  feedwater system as Type 1 vital 
equipment because its destruction in conjunction with certain 
other acts might cause dangerous overheating of the reactor 
core. Some utilities questioned this designation. They main- 
tained that even if'the stem generator were out, water pumped 
into the nuclear core by the high-pressure injection system and 
then released as steam through the safety valves would remove 
the 3ecay heat. But no one had made the mechanistic 
cdculation that would prove or disprove the feasibility of this 
feed-and-bleed cooling. Hence the Los Almes study. The 
results indeed supported the views of the utility operators 
concerning certain reactors systems; the high-pressure water 
injection system could take over and thus the auxiliary 
feedwater system would not be Type I equipment. By a &range 
coincidence, the scenarios &o foreshadowed many of the key 
events of the Three Mile Island accident. 

One scenario in this computer study postulated a loss of all 
ac power, which resulted in a number of events including the 
sudden shutdown of the turbines and the reactor and a loss of 
the steam generator's heat-withdrawing properties. These 
events were duplicated at Three Mile Island by the initial 
accident sequence. The scenario assumed that the relief valve 
on the pressurizer was opened. This was the valve that 

accidently stuck open d u ~ g  the Three Mile Island accident. 
The study then examined how the reactor would behave if no 
auxiliary feedwater were available and the high-pressure 
injection pumps were not turned on for various time periods. 
The operators at Three Mile Island, believing their pressurizer 
vessel to be f h g  completely with water, or solid," 
sharply reduced flow from the high-pressure injection pumps. 
A solid pressurizer would indicate too much water in the 
primary coolant system and risk loss of pressure control. In 
actuality the open valve acted as a leak (small loss-of-coolant 
accident) and the primary system was losing wolant. So the 
actions taken by the operators to counter the apparent solid 
pressurizer (cutting back on high-pressure injection) actually 
aggravated a relatively minor loss-of-coolant situation. This led 
to the creation of voids in the primary system a d  ultimately to 
the uncovering of the reactor core. This was the major cause of 
the reactor fuel damage at Three Mile Island. The misin- 
terpretation by the operators about what was actually happen- 
ing to their reactor hinged on the phenomenon of a solid, 
liquid-faed pressurizer coincident with a reactor core that was 
K i g  uncovered. The response predicted by the Los Almos 
computer analysis included the formation of a steam bubble in 
the reactor core that increased in size and uncovered the core 
centerline in 23 minutes. The close parallel between the 
hypothetical sabotage and the real accident demonstrates 
vividly the importance of detailed, computer-aided analysis in 
the evaluation of both the security and the safety of nuclear 
power plants. 

*J, W. Boktud and R. A. Haaman,  sum^ of Thermal-Hydraulic Cakulations for a Pressurized 
Water Reactors'* Los Almos $ciat@c Laboratory rqoa LA-8361-MS (Muy 2980). 
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uring the TMI accident, the last line of defense against a 

b x  D major release of radioactive fission products was the 
reactor containment building. This barrier fmctioned as 

7 designed and survived a 2-bar pressure spike from a sudden 
hydrogen burn inside the building. But how large a pressure spike 

-- ---- - was possible before the containment would have failed, releasing 
radioactive material? Was there, in fact, a margin of safety beyond 
the approximately 4-bar design limit? 

Charles A. Anderson and Joel G. Bennett --- These questions emphasize the fact that while much attention is 
7 being focused on the role of the reactor core during a nuclear 

Fig. 1. Building categories at rhree Mile Ishnd Nuclear usual& box-shaped, are made with reiMorced concrete, and 
Generating Station. Category 1 buildings are vital to the include steel columm and beams where deemed necessary. m e  
prevention of the release of radioactive material during an arbine building and the cooling tower are examples of 
accident or a natural disaster such as an earthquake. Except buildings that are not Category I ,  
for the reactor containment building, these structures are 
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accidenty there are structural components in the power plant that 
must be relied on to protect the public against the consequences of 
such an accident. Moreover, these structures must also provide 
protection of sensitive plant equipment during natural disasters such 
as earthquakes and tornados. As a result, the proper design of these 
structures must take into account a wide variety of loads and failure 
modes. 

S A m  DESIGN. Any structure that can initiate an accident sequence 
if it fails or that must remain functional durhg an accident to prevent 
release of radioactive material is called a Category I structure. In a 
typical niclear power plant (Fig. 1) the building housing the reactor 
core and the control building are both Category I. Auxiliary and 
equipment buildings are considered Category I if they include vital 
equipment such as backup diesel generatorsy safety valves, the spent- 
he1 pity or fuel handling and radioactive waste facilities. A turbine 
building is usually not a Category I structure, although its potential 
impact on adjacent Category I structures must be considered. 

Safe design of Category I structures is the responsibility of an 
architect-engineer under contract to the electrical power utility. 
Crucial to his work are design-basis loads. Certain of these, such as 
earthquake and tornado-born missile loadings, are site speciflcy while 
others, such as pipe-break loadings, are plant specific. The architect- 
engineer sizes the plant structural members both to withstand various 
combinations of these design-basis loads and to transmit only 
acceptable loads to sensitive plant equipment. 

The Nuclear Regulatory Commission insures proper design by 
requiring the architect-engineer to adhere meticulously to certain 
design-procedure rules. These include the Commission's regulatory 
guides and Standard Review Plan, as well as the pressure vessel and 
piping codes of the American Society of Mechanical Engineers 
(ASME), and the construction codes of the American Concrete 
Institute. Also, certain of the Category I structures critical to the 
safety of the nuclear plant are tested before the plant is permitted to 
operate. Thus, the containment building is subject to a static internal 
pressurization of 15 per cent over the design-basis pressure. 

MARGIN TO FAILUFW. The design of Category I structures is 
inherently conservative since it is based ony among other thingsy 
restricting loads to the linear elastic region of material behavior. 
Thus, a typical structure stressed by design-basis loads will behave 
elastically and return to its original configuration upon unloading 
(Fig. 2). It is well knowny however, that there is a large additional 
capacity beyond elastic behavior for resisting applied loads. This 
capacity can be used to ameliorate the consequences of accidents 
that load the structure beyond the expected design-basis loads. 
Design procedures using this reserve capacity are allowed in Europe, 
but noty at presenty in the United States. 

Fig. 2. Representative lo&-disphcemnt relationship for Cate- 
gory I structural elements. In the elastic reghn the elkment 
will unload by returning to its or&inal shape. However, in the 
inelastic region loading is large enough to cause a permanent 
net displacement such as in buckling or crushing. The design- 
bas& load, PD , is in the linear region while the ultimate load 
b#ore failure, Pup includes the reserve capacity due to 
inelastic d@ormation. The quantity Pu - PD  proportional to 
the margin to failure dtfined in the text. 

A useful measure of this reserve is the margin to failurey defmed as 

The variable PD is the design-basis load and Pu is the ultimate load 
on the structure before failure, including the inelastic reserve 
capacity. 

Why is it important to assess the margin to fdure? The Diablo 
Canyon nuclear power plant, sited in an earthquake-prone areay is 
one example. A fault was found near the plant after it had already 
been constructed, so the potential seismic loads are greater than 
those for which the plant was designed. Knowledge of the structural 
margin to failure under earthquake loadings would greatly help now 
in relicensing the plant under revised seismic criteria. Also, knowl- 
edge of the ultimate load capacity for the Three Mile Island reactor 
containment building would have done much to allay the concern 
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about the possible rupture of that containment by a hydrogen 
explosion. 

But there are difficulties in determining the margin to failure. The 
behavior of Category I structures near PU is strongly nonlinear and 
is often characterized by cracking and crushing of concrete, yielding 
of metals, buckling of metal shells, and slippage at support points. 
Thus a realistic treatment of this behavior will necessarily involve 
mathematically sophisticated analyses using computers followed by 
careful experimental verifications. 

Los Alam&s and Sanaa National Laboratories* under the 8p0fl- 
sorship of the Nuclear Regulatory Coiaroission, are carrying out a 
research p r o m  to develop methods tfast deteraiuie ulttoaate load 
eapacaKesi The Los Alamos p r o w  is studying the Mure of two 
types of Cflte&ory I structural systeais: concrete box-type structttres 
where heavy shear wAfls @vide resistance to earthquake g r a d  
motion, and steel containment vessels which could fd by bwjklmg. 
Steectf"~c program ta& are 1) to develop analytical or nwnierfcd 
models for the behavior of these se'uctures sear irittoate load, 2) to 
verify these models with aqtxheiite on sealed structmd systems, 
and 3) to propose meadments to eode roles or the Nuclear 
Regulatory Connnissi~n's licensing reqtutement~, Participants in the 
progrsai include Laboratom contractors (w., tfae Ewthqua^ Engi- 
nearing Research Center at Berkeley, where w plan to carry out 
seismic testing) and an advisory committee of persons from ttniver- 
stties sad relevant industries to h a  plan tbe program afld review tile 
results. 

BUCKLING OF STEEL CYLINDERS. As an example of how the Los 
Atanam program t~ working, ftes reee~t study of tiie bBABng of tfam- 
walled steel cylinders with large pen-ations wffl be outlined. 

Figure 3 stews; the large mncriete a d  steel containment building 
used for certain Ught'-wa.ter reactors. The building is the last line of 
defense in the event of an accidental break in the reactor pressure 
vessel or its as- coolaat system. One example of a penetratfeal 
is shown; the entry for p m d  aad equipment which, during 
n o r d  operation of the reactor, would be dosed, and seated, Other 
sealed penetrations ?S1& for pipes and cables. The ice condenser (an 
ide-filled device included to condense steam during an accident) is 
shown as an example of a la?@ mass of eq- attached to the 
steel containment shell. 

Buckling of the inner steel vessel in this s t r u m &  may ?our 
during several types of accidents. Fear example, if a coolant pipe, 
carrying water at about 130 bars, suffers a lare break b i d e  
bUndina a high-pressure jet win be &wed against the steel cyItoder. 

Fig. 3. One type @steel and concrete containment for the main 
reactor building. A large reinforced penetration for personnel 
and equipment access is shown; other smaller penetrations 
would be included for pipes and cables. The heavy ice 
condenser attached to the wall is an example of a source of 
asymmetrical hading that could lead to buckling during an 
accident. The reactor pressure vessel and its associated coolant 
system constitute another containment barrier within the 
containment building. 

Or during an earthquake the large masses attached to the cylinder 
and the shifting of the structure relative to the large pipes penetrating 
the vessel will result in buckling stresses. Also, during a steam 
explosion, the ice condenser may create sharp temperature and 
pressure gradients that result in asymmetrical loading of the shell. If 
buckling occurs, radioactive material can be released in at least two 
ways: through any punctures that result from the impact of the 
displaced shell against adjacent structures and through any broken 
seals around penetrations. 
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Fig. 4. Two examples of the computer-generated buckled 
shapes of steel cylinders. Part (a) is a side view of an 
unpenetrated cylinder and shows the wave pattern typical of a 
buckling failure. In part (b), the computer has rotated a section 
of a penetrated cylinder to reveal the buckling that occurs close 
to the hole at the top left edge of the mesh. 

The entry for personnel and equipment constitutes the largest 
penetration (about 4 meters in diameter) of the containment shell. An 
important question is how this penetration affects the buckling 
stability of the shell. The ASME code rules specify the amount of 
reinforcing needed around the penetration to keep it from affecting 
the ultimate load capability when failure is by plastic flow of steel. 
Such material flow is the type of failure normally encountered in 
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thick-walled steel boilers and pressure vessels and is, thus, the type of 
failure originally dealt with in the code. However, reactor contaiment 
vessels are thin walled and subject to buckling. Will the same code 
rules specifying the amount of reinforcement work for both failure 
types? 

COMPUTER ANALYSIS. Los Alamos engineers first performed an 
analytical study of this problem using a three-dimensional, finite- 
element buckling code. This computer code calculates in model 
structures the stresses caused by external loads and can show how 
the stresses are affected by changes in geometry. Thus, a long, 
narrow, perfectly straight column under axial loading (a compressive 
force on both ends of the column) has a certain load-carrying 
capacity determined by the material's capability to withstand stress. 
If, however, the column is slightly bowed, the ultimate load-carrying 
capacity is reduced dramatically. 

To analyze this type of problem, the model structure is divided into 
a large number of cells, equations of elastic equilibrium are for- 
mulated numerically for each cell, and the equations are solved by 
the code for the given loads. The equations include both a linear term 
representing small elastic deflections and a nonlinear term represent- 
ing the effect of large deflections on the stresses in the structure. It is 
through this last term that the buckling behavior is incorporated into 
the analysis and the margin to failure determined. 

The analytical study of containment vessels attempted to identify 
the buckled shapes at failure of unpenetrated, penetrated, and 
penetrated-reinforced cylinders when subjected to axial loading. The 
calculations also simulated the imperfections in both geometry and 
end loading that naturally occur in steel cylinders; that is, a typical 
fabricated cylinder will not be perfectly round and will not have a 
perfectly constant height for the end loading to bear down upon. 
Examples of computer-generated buckled shapes are shown in Fig. 4. 
The analysis showed that the penetration sign3cantly lowered the 

ultimate buckling load. Also, while imperfections in roundness had 
only a small influence on this load, the buckling capacity of the 
cylinder was very sensitive to height imperfections and, therefore, the 
distribution of the applied end load. Finally, the calculations showed 
that reinforcing the penetration according to the ASME code would 
raise the buckling load, but not to the value for the unpenetrated 
cylinder. 

SCALED EXPERIMENTS. A comprehensive series of experiments 
was carried out to verify the analytical results. Steel cylinders 
simulating containment shells were fabricated to one-sixtieth actual 
size. A number of these cylinders were left unpenetrated; others were 
fabricated with a scaled penetration and then reinforced to various 
amounts according to the ASME code rules; none were stiffened by 
rings as is normal for containment vessels. The cylinders were 
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checked for roundness, end parallelism, variation in wall thickness, 
and other fabrication imperfections, and then were instrumented with 
strain gages. Measured imperfections were similar in scaled magni- 
tude to those measured in actual reactor containment shells. After 
careful shimming between the cylinder and testing machine to help 
approach uniform end loading, the cylinder was loaded to failure. 
Figure 5 shows one of the penetrated and reinforced cylinders after 
testing. 

These experiments clearly showed that fabrication imperfections 
dominated the buckling failure of steel cylinders. For example, 
unpenetrated cylinders buckled at a load considerably lower than the 
value predicted for perfect cylinders. Cylinders with penetrations but 
no reinforcement failed at essentially the same load as unpenetrated 
cylinders; that is, the effect of the hole was apparently too small to 
cause buckling before the shell failed from imperfections. Imperfec- 
tions are, thus, felt to be the main reason for the considerable scatter 
in the data for the steel cylinders shown in Fig. 6 (dots). For 
comparison, data (triangles) are also plotted from a study of a 
reusable Mylar shell. Because of the high quality of the Mylar 
cylinder, these data show little scatter as the buckling load increases 
with reinforcement. In both cases, the amount of reinforcement is 
expressed as a percentage of that recommended in the ASME code for 
reinforced penetrations. 

Since the computer analysis indicated the ultimate buckling load to 
be highly sensitive to the distribution of the applied end load, the data 
were examined with this idea in mind. Strain gage records from the 
experiments were used to determine a parameter, A, measuring the 
degree of asymmetrical loading with respect to the position ofthe 
hole. When the load at which the first buckling occurs is plotted 
versus this parameter, the expected correlation becomes apparent 
(Fig. 7). If A is greater than 1, the hole is overloaded with respect to 
the average load on the cylinder, and this leads to the predicted lower 
buckling loads. When A is less than 1, the opposite effect occurs. 

The data, viewed in this light, supported the analytical conclusion 
that reinforcing the penetration in the manner prescribed by the 
ASME code would increase the buckling load, but not back to the 
impenetrated value. More importantly, this description of the buck- 
ling study reveals the importance of the interplay of analysis and 
experiment in revealing key parameters and their effect on the 
ultimate failure load. As it turns out, a part of the ASME code 
accounts for fabrication imperfections in a manner that agrees with 
the results of the buckling tests; it is this part of the code that insures 
a margin to failure for the buckling of steel containment vessels when 
the normal imperfections of these vessels dominate the failure. 

Experiments are now underway to investigate the buckling behav- 
ior of ring-stiffened scale models of reactor containment shells for 
loadings that could occur under accident conditions. These experi- 

Fig. 5. One of the steel cylinders used in the simulated tests of 
containment shell buckling. The central hole is a scaled 
representation of the penetration for personnel and equipment 
access. In this case, the penetration has been reinforced inside 
the cylinder to 33 per cent of that recommended by the ASME 
code. Considerable buckling is evident around the hole. The 
small wired devices attached to the cylinder on both sides and 
above the hole are strain gages. Other gages are attached on 
the sides and back of the cylinder and at the same positions 
inside. 

ments will be used to benchmark the computer codes being proposed 
to predict the ultimate load-carrying capacity of containment shells. 
Other experiments will investigate the behavior of reinforced concrete 
shear walls at ultimate load. Information from all these experiments 
will be used by the Nuclear Regulatory Commission to help establish 
the margin to failure for Category I structures subjected to severe 
accident loads. 
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Fig. 6. The dependence of buckling toad on the amount of 
reinforcement (expressed as a percentage of that recommended 
by the ASME code). The load ratio used here, P/P., is the ratio 
of the ultimate budding load for a penetrated-reinforced 
cylinder (P) to that for an unpenetrated cylinder (PJ. Thus, a 
value of one for PD,, means the penetrated-reinforced cylinder 
was as strong as the unpenetrated cylinder. The triangles are 
from a buckling study of a reusable, high-quality cylinder and 
thus show little scatter as increased reinforcement raises the 
buckling load back to the value for the unpenetrated cylinder. 
The large scatter in the Los Alamos steel cylinder data (dots) 
is felt to be due largely to the varhtion of fabrication 
imperfections from cylinder to cylinder. 

Fig. 7. The effect of asymmetrical loading on the magnitude of 
the budding load. The parameter A is a measure of the degree 
of asymmetrical loading with respect to the position of the hole. 
When A is greater than 1, the hole was overloaded with 
respect to the average load on the cylinder and buckling 
occurred at lower loads. When A is less than 1, the hole was 
underloaded and buckling occurred at higher hods. The 
correlation shown here demonstrates that load asymmetry 
resultinghm height imperfections accounts/or much of the 
experimental scatter in steel cylinder buckling loads. 
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- - - - -  

Autoradiograph o f  radioactive microsphere embedded in induced cancer tumors, but there is no evidence of ab- 
hamster lung tissue. Ceramic microspheres slightly larger than normalities in this tissue section despite an 18-month exposure 
red blood cells and containing less than 1 %plutonium-239 by to radiation from the microsphere. This example is from 
weight lodge in pulmonary capillaries when infected into the research by the Laboratory's Lffe Sciences Division on the 
jugular vein. The streaks emanating from the microsphere, role of internally deposited radknuclides in pulmomry dis- 
forming an "alpha star," are alpha-particle ionization tracks eases, including cancer.' (Photo by David M. Smith and James 
in the film emulsion. Cell nuclei, here stained red-brown, R. Prim) 
contain DNA and are potential sites for initiation of radiation- 
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is it? 

by Roger C. Eckhardt 

ast Friday, the Holsteins on the Lytle Farm 
started acting kind of touchy, lining up side by 
side at the fence and staring south. That was two 

days after the Three Mile Island nuclear power plant, five 
miles due south as the cow stares, started generating fear 
instead of electricity." -A journalist for The New York Times. 

"If these cows start leaving town on their own, I'm getting 
out of here too."-~larence Lytle 2nd, partner on the Lytle Farm. 

"I've been working with this for ten years, and I have a 
pretty thorough familiarization. I'm not saying I'm brave. If 
you understand, your mind is at ease.''-~dward Houser, Three 
Mile Island chemistry foreman and the worker who received the highest dose 
on the day of the accident. 

"I don't know about that stuff, that nuclear. Sounds to me 
so powerful man can't tame it right."Ã‘72-year-ol resident of  
Yocumtown, Pennsylvania. 

"The amount of radiation that escaped was no threat to the 
people in the area. . .the radiation outside the plant was far 
less than that produced by diagnostic x rays."-officiais o f  the 
Nuclear Regulatory Commission. 

'T don't think they're telling us the whole truth. They won't 
come out and say, 'Yes, everything is all right.' "-~esident of  
Highspire, Pennsylvania. 

"Any dose is unsafe because there is no lower threshold for 
radiation. "-&orge Wald, Nobel laureate and Emeritus Professor of  
Biology at Harvard University. 

These reactions* to the accident at Three Mile Island make 
clear the fear and confusion regarding the potential radiation 
hazard from nuclear power plants. There are those who fear 
mutant babies and glowing cows and who oppose nuclear 
energy and its invisible radiation dangers no matter what 
safeguards are instituted. Others argue that nuclear energy can 
be rendered free of radiation hazards, but only at the expense 
of a nuclear police state. Still others feel that nuclear power is a 

pollution-free, benign source of energy, and the only viable 
solution to our nation's energy crisis. 

Contributing to the fear and confusion is a range of 
scientific opinion about the long-term effects of low doses of 
ionizing radiation. There is no doubt that high doses have 
deadly results for man: a single dose of 600 rems of gamma 
radiation would likely result in death within a month to a 
majority of the exposed p~pulation.~ For doses 100 or 1000 
times less, which are relevant to radiation workers and the 
general public, respectively, the effect believed to be most 
important is an increased risk of cancer. But the extent of the 
risk is a subject of controversy, and estimates differ by as 
much as a factor of 100. For example, included in the most 
recent and most respected report on this ~ubjec t ,~  familiarly 
known as BEIR 111, are dissenting statements by two members 
of the preparing Committee. One member characterizes the 
published risk estimates as too low, and the other as too high. 

The controversy has its basis in one simple fact. There are 
no unambiguous data on the incidence of effects at the low 
doses received by workers in the nuclear or medical industries, 
and the lack of data at doses characteristic of the general 
public is even more complete. To develop a reasonable model 
or make accurate predictions, scientists need data bearing 
directly on the phenomenon being considered; otherwise, the 
models are only educated guesses subject to further mod- 
ification and the predictions are only extrapolations. This is the 
situation with the biological effects of low-level ionizing 
radiation. 

The most widely accepted estimates for the effects of low- 
level radiation are based on extrapolation of data on survivors 
of the Nagasaki and Hiroshima bombings. These survivors 
experienced a single, moderate to high exposure (10 to 400 
rads mean dose to the tissue). In the absence of a real theory, 
the correct technique for extrapolation to lower doses is 
unknown, and many factors, such as dose rate, are not 
considered in the data analysis. The data base itself is now 
being questioned because the relative amounts of gamma rays 
and neutrons released in the explosions may have been 
different than assumed?-6 

Many animal data are being gathered, but their relevance is 

*All quotations are from issues of The New York Times during the week 
following the Three Mile Island accident. @ 1979 by the New York Times 
Company. Reprinted by permission. 
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unknown. A dose accumulated over 30 years in humans 
cannot be duplicated in animals that live only several years. 
Also, how valid are extrapolations from animal to man when 
significant differences between radiation-induced effects in 
laboratory animals of different species are frequently ob- 
served? 

Ideally, epidemiological studies of humans exposed to the 
doses, dose rates, and types of radiation of most concern 
should be the basis for risk estimates. Such data are not only 
difficult to acquire, but also include the effects of other 
causative agents, such as chemical carcinogens, natural back- 
ground radiation, other manmade radiation sources, and even 
particular social and psychological habits. 
Can a quantitative range be placed on the scientific uncer- 

tainty that results from these problems? Figure 1 depicts the 
currently expected number of deaths due to cancer among a 
million people in the United States and, also, two different 
estimates of excess cancer deaths resulting from an additional 
exposure to the population of one rad of x or gamma rays per 
person. One estimate represents those published in BEIR I11 
and the other, greater by an order of magnitude, represents the 
typical range of scientific uncertainty. The fact that the 
estimated excess cancers from a 1-rad dose cannot be shown 
on the same scale as the expected deaths illustrates the 
difficulty in detecting the effects of such exposures, much less 
of doses down to millirads. The figure also illustrates that the 
range of scientific uncertainty is much more circumscribed 
than the range of opinion among the general public. 

Uncertainty about the hazards of low-level radiation is well- 
grounded and will persist, possibly indefinitely. Here we will 
attempt to answer some of the questions about ionizing 
radiation and discuss the rationale behind radiation protection 
standards. Perhaps the perspective we present will allay 
exaggerated fears. Although it may be true that no radiation 
dose is absolutely safe, in fact, the risk from doses comparable 
to those received by the public in the vicinity of the Three Mile 
Island accident is so low as to be undetectable. 

What are the Natural and Manmade 
Sources of Ionizing Radiation? 

Natural background radiation has always been and still 
remains the greatest contributor of ionizing radiation to 
mankind. There are two main sources of this radiation. One is 

Fig. 1 .  Among a representative population in the United 
States of lflOO,OOO (blue), the currently expected number of 
deaths due to all forms of cancer (green) is 164ft00. The 
number of excess cancer deaths resultingfrom an additional 
1-rad exposure of the population to x or gamma radiation 
(yellow) is, according to BEIR III, approximately 200, Also 
shown (red) is the number of deaths i f  the risk estimates are 
greater than those of BEIR III by an order of magnitude, a 
variation typical of current scientific uncertainty. 
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cosmic radiation produced by collisions of high-energy parti- 
cles impinging continuously on the earth's atmosphere. The 
atmosphere serves as a shield, but a fraction of the radiation 
reaches the earth's surface and results in whole-body irradia- 
tion of the population. The thinner atmospheric shield present 
at higher altitudes and during airplane flights results in doses 
larger than those at sea level. Table I lists dose estimates for 
this and other radiation sources and notes the body portion 
exposed. 

The other source of background radiation is naturally 
occurring radionuclides. These radionuclides surround us in 
the environment, particularly in the soil, and reside in our body 
after being ingested in air, food, and water. An individual's 
annual dose from terrestrial sources outside the body depends 

on the amounts of elements such as uranium, thorium, or 
potassium in the soil and can vary by an order of magnitude. 
The main contributor of internal beta and gamma radiation 
from ingested radionuclides is potassium-40, a radioactive 
isotope of an element vital to life. Another radionuclide 
currently of concern is radon. This element can diffuse out of 
brick, concrete, stone, soil, and water and build up in tightly 
sealed, energy-efficient homes. 

To this pervasive background radiation must be added the 
manmade sources of ionizing radiation. One of the most 
significant of these is the medical use of x rays. Of comparable 
significance in 1963 was the radioactive fallout from at- 
mospheric weapons testing. This source, however, has since 
declined markedly. Other sources include research activities 
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and a wide range of consumer and industrial products, such as 
television, luminous watch and clock dials, airport x-ray 
devices, smoke detectors, static eliminators, tobacco products, 
fossil fuels, and building materials. These last collectively add 
only slightly to the average dose. 

In light of public response to ionizing radiation, the last two 
sources listed in Table I are of particular interest. The average 
annual dose of an individual in the United States resulting 
from nuclear operations is estimated to be less than 1 millirem 
per year. In contrast, a cigarette smoker may be burdening the 
surface of his bronchial tract at highly localized points with up 
to 8000 millirems per year. 

By keeping these doses due to natural and manmade 
sources in mind, the doses resulting from the Three Mile Island 
accident' can be put in reasonable perspective. The radio- 
nuclides released during the accident resulted in an average 
estimated dose of 1.4 millirems to the approximately 
2,000,000 people living in the vicinity of the plant. This whole- 
body dose is lower than the typical bone-marrow dose of 10 
millirems per chest X ray and is more than an order of 
magnitude lower than the average annual whole-body dose of 
26 millirems from cosmic radiation at sea level. In the extreme 
case of an unclothed individual standing outdoors, 24 hours a 
day for 6 days, across the river from the plant in the path of 
the prevailing winds, the total dose received has been calcu- 
lated to be below 100 millirems, that is, below the total whole- 
body dose due to natural background radiation. The highest 
exposures resulting from the accident were to several of the 
plant personnel who received doses of approximately 4 rems. 
These doses are the only potentially significant ones, being in 
excess of the quarterly limit of 3 rems allowed for radiation 
workers by the Nuclear Regulatory Commission. 

What Biological Effects of Low-Level Ionizing 
Radiation Are of Most Concern? 

The biological effects of primary concern are not the drastic 
and immediate effects of high doses but the more subtle late 
effects, such as cancer and gene mutation, that may result 
from prolonged or sporadic exposure at low levels. These 
effects are classified as genetic or somatic. Somatic effects, of 
which cancer is the most important, are experienced directly 
by those exposed, whereas genetic effects are experienced by 
their descendants. Genetic effects involve damage specifically 

to the germ cells in the gonads, whereas somatic effects involve 
a wide range of body cells. 

Only the radiation dose received by the gonads of future 
parents during their reproductive span is of genetic signifi- 
cance. The average gonadal dose of manmade radiation to an 
individual in the United States is approximately 30 to 40 
rnillirems per year. During a 30-year human reproductive 
span, this dose rate produces an additional genetically signifi- 
cant dose of roughly 1 rem. BEIR I11 estimates the increase in 
genetic disorders due to continued exposure of many gener- 
ations at this level to range from 60 to 1100 disorders per 
million l i~eborn.~ This estimate should be compared to the 
current incidence of 107,000 genetically related disorders per 
million liveborn. 

Twenty years ago, genetic effects were believed to be far 
more important than somatic effects. However, this conclusion 
was drawn from animal experiments in which the dose was 
delivered at high rates. Further studies have shown that lower 
dose rates, such as those characteristic of occupational 
exposure, are less effective at inducing genetic effects. Also, 
estimates of the cancer induction rate have increased as the 
study populations age and more slowly developing cancers 
appear. The net result is that cancer is now considered to be 
the most important late effect of exposure to radiation. 

Although members of the BEIR Committee disagreed about 
the risk of radiation-induced cancer, there were many points 
concerning this effect on which the Committee members were 
in complete accord. Some of the more important of these 
accepted points are listed below. 

o The latent period of cancer (the time between ex- 
posure and the appearance of cancer) may be 
long-years or even decades. 
o Nearly all tissues and organs of the human body are 
susceptible to radiation-induced cancer, but sensitivity to 
the induction of cancer varies considerably from site to 
site. 
o Leukemia was at one time thought to be the principal 
type of radiation-induced cancer; however, solid cancers, 
such as lung, breast, and thyroid cancers, are the more 
numerous result. 
o Age, both at irradiation and diagnosis, is a major 
factor in cancer risk; for example, a very high risk of 
leukemia was found in atomic-bomb survivors irradiated 
in the first years of life, and the highest risk of radiation- 
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induced breast cancer in women occurs for exposures in 
their second decade of life. 
0 Because of the greater incidence of breast and thyroid 
cancer in women, the total radiation-induced cancer risk 
for women is greater than for men. 
0 There is an increasing recognition that certain human 
genotypes are more susceptible than others to cancer 
after exposure to radiation (and other carcinogens), but 
the role of susceptibility in cancer induction is not yet well 
understood. 
o There is evidence that the dose rate may change the 
radiation effect per unit dose, but the information current- 
ly available is insufficient to be used meaningfully when 
estimating the risk of cancer induction in man. 

Although controversy surrounds the BEIR I11 risk estimates 
for radiation-induced cancer, we quote two of the estimates 
eventually published in that report.' A single whole-body dose 
of 10 rads of x or gamma radiation to a million persons is 
estimated to result in about 800 to 2200 deaths in excess of the 
normally expected 164,000 cancer deaths. A continuous 
lifetime exposure of 1 rad per year of this same type of 
radiation would result in 4800 to 12,000 excess deaths. It is 
not yet clear how the new information about the type of 
radiation released at Hiroshima and Nagasaki will affect these 
estimates. 

How Are the Effects at Low Doses Estimated 
From the Known Effects at High Doses? 

The problems inherent in quantifying the relationship be- 
tween cancer incidence and ionizing radiation are numerous. 
To begin with, cancer is actually a group of diseases, and a 
particular site-specific cancer usually affects less than one 
person in a thousand each year. In addition, all available data 
indicate that the increase in incidence caused by radiation is 
small. We are therefore faced with the problem of detecting a 
small increase in an already low incidence. 

Further, because radiation-induced cancers are indis- 
tinguishable from those due to other mechanisms, it is not 
possible to determine whether a given cancer was caused by 
radiation or would have occurred even in the absence of 
exposure. Therefore, evidence for cancer induction by radi- 
ation rests on a comparison of site-specific cancer incidence in 

an exposed group with the incidence in a similar unexposed, or 
control, group. Unfortunately, the sizes of the groups needed 
to detect a small absolute cancer excess become extremely 
large at low doses. 

For example, let us assume that an excess cancer incidence 
is detectable with a particular statistical certainty in an 
exposed group of 1000 at a dose of 100 rads. Further assume 
that the excess incidence per rad is the same at all doses. Then, 
to obtain the same statistical certainty requires an exposed 
group of 100,000 at a dose of 10 rads and an exposed group of 
lO,OOO,OOO at a dose of 1 rad. And, of course, similar numbers 
of people are required for the unexposed groups. Continuation 
of this reasoning should make it readily apparent why one 
cannot detect effects of doses in the range of millirads. 

As mentioned above, studies of the Hiroshima and 
Nagasaki survivors have provided the largest data set per- 
taining to radiation exposure and cancer. Nearly 24,000 
persons received doses estimated to be 10 rads or more.'' To 
date, statistically significant excesses of various types of 
cancer have been established for such doses: first 
leukemia,"'" then thyroid cancer," and now lung and breast 
tumors." For other types of cancer, these studies may provide 
statistically significant correlations between excess cancer 
incidence and dose down to about 10 rads. 

Other groups examined for radiation-induced cancer include 
medical patients given x-ray treatments, uranium miners, 
radium dial painters, radiologists, and nuclear workers. These 
groups are small and, in addition, have posed difficulties in 
obtaining correct dose estimates and matched control groups. 

As a result, cancer incidence at low doses can generally only 
be estimated by extrapolating data at higher doses (Fig. 2). 
The linear, no-threshold hypothesis is the simplest approach to 
extrapolation. Here it is assumed that there is no threshold 
dose below which the effect does not occur and that the 
incidence is directly proportional to the dose. This method of 
extrapolation has been adopted by Government agencies until 
conclusive evidence for use of a more appropriate technique is 
presented. 

Another method of extrapolation is to assume a "linear- 
quadratic" relationship between incidence and dose. Here the 
incidence is very nearly proportional to dose at low doses, but 
at high doses the incidence increases more rapidly, namely as 
the square of the dose. Applied to the same data in the high- 
dose region, a linear-quadratic extrapolation necessarily pre- 
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diets lower risks at low doses than does a linear extrapolation. 
Likewise, a quadratic relationship with no linear term would 
predict even lower risks. 

The BEIR Committee attempted to decide among the linear, 
linear-quadratic, and quadratic extrapolation techniques for 
the atomic-bomb data by applying statistical goodness-of-fit 
tests. They concluded that, in this respect, no one extrapola- 
tion technique was more satisfactory. Ultimately they chose to 
base their risk estimates for cancer on linear-quadratic ex- 
trapolation. A possible model for such a relationship attributes 
the linear term to cancer-inducing lesions, say in the form of 
broken DNA molecules, generated within a single ionizing 
track and therefore linearly dependent on dose. The quadratic 
term accounts for lesions formed through interactions between 
ionizing tracks, which are thus quadratically dependent on 
dose. 

Another extrapolation method produces higher risk esti- 
mates at low doses than does linear extrapolation. Such a 
relationship may result from the existence of susceptible 
groups in the population who are harmed at much lower doses 

Fig. 2. Experimental data on the incidence of radiation- 
induced effects are available only at doses higher than those of 
primary concern. These data are extrapolated to low doses by 
various techniques. Scienty? opinion currently favors linear, 
no-threshold or linear-quadratic extrapolation for radiatwn- 
induced cancer. The susceptible-groups curve illustrates the 
principle of representing a susceptible population with a higher 
extrapolation curve. 

than are the majority. For instance, there is evidence of greater 
risk of radiation-induced thyroid cancer in Jewish children 
than in other ethnic groups." Because the size of these groups 
is currently believed to be small, this extrapolation technique is 
not widely used. 

How is Low-Level Radiation Separated From 
Other Factors as the Determining Cause of an Effect? 

Regardless of the extrapolation technique chosen, the 
epidemiologist must carefully assess the influence on the data 
themselves of many confounding and interactive factors. An 
especially important factor is the nature of the radiation 
exposure. Type of radiation, dose rate, dose, exposed organs, 
available shielding, and specific radionuclides involved-all 
influence the conclusions and should be accurately determined. 
For example, studies of the effects due to early medical x-ray 
treatments may require the rejuvenation and operation of old 
x-ray equipment to estimate the doses received by the patients. 

Personal factors include the subject's size, race, genetic 
makeup, education, and smoking habits; there is evidence that 
stress can increase susceptibility to disease, including cancer. 
Age at time of exposure has already been mentioned as a well- 
established determinant for cancer risk. Similarly, the altitude 
and soil composition of the subject's habitat and the subject's 
occupational experience and exposure to carcinogenic 
chemicals play important roles. 

The long latent period of cancer makes identification of 
cases and accurate quantification of their radiation exposures 
extremely clifflcult. The exposed population must be followed 
essentially through complete lifetimes, or the risks of late- 
developing cancers will be seriously underestimated. In fact, 
one of the first forms of cancer to be associated with radiation, 
leukemia, was identified primarily because it has a relatively 
short latent period, occurring as soon as 2 to 5 years after 
intense radiation exposure." 

An epidemiological s t u d y  of workers at the Hanford 
Works in Richland, Washington, well illustrates the problems 
that these factors may cause. (Valid risk estimates derived 
from studies of workers such as these are extremely important 
because the exposed group is subject to the highly frac- 
tionated, low-dose exposures of most relevance for establishing 
occupational radiation protection standards.) The in- 
vestigators reported statistically significant associations be- 
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tween cumulative radiation-badge dose and excess mortality 
from cancers of many types, but particularly cancers of lung, 
pancreas, and bone marrow. Their estimates were markedly 
higher than those obtained from studies of acute, high-dose 
exposures. 

Subsequent studies of the data revealed that the original 
analysis had not dealt adequately with certain of the confound- 
ing and interactive factors, such as age at dose and the 
demographic difference between exposed and nonexposed 
workers. After accounting for the neglected factors as best as 
possible, investigators found significant associations between 
dose and only two types of cancer, namely, multiple myeloma 
(a cancer of the bone marrow) and pancreatic cancer." 

The risk estimates for these two cancers were still high and 
implied an improbably large role for background radiation as 
the cause of the diseases among the general population. On the 
other hand, if the number of excess cancers of these two types 
had been low enough to yield reasonable risk estimates, the 
conventional requirements for statistical significance would 
not have been satisfied. This quandary is attributed to the 
limited sample size and low individual radiation doses of the 
Hanford workers. 

To establish valid relationships between dose and effect, 
more extensive studies are obviously necessary. Since 1976, 
the Epidemiology Group of Los Alamos National Laboratory 
has been investigating the effects of plutonium on human 
health. This study began as a long-term clinical follow-up of 
the Manhattan Project plutonium workers2' and was later 
expanded to a mortality study of 241 plutonium workers.21 
Neither of these efforts demonstrated a relationship between 
plutonium exposure and adverse health effects. These popu- 
lations are included in a larger-scale epidemiological study of 
the approximately 100,000 past and present employees at 6 
Department of Energy facilities. This study focuses on the 
incidence of and mortality due to cancer and other diseases 
among plutonium workers. Surveillance will continue through 
1990 and will comprise a lifetime follow-up for many of the 
more heavily exposed early workers. Studies of populations 
residing in the vicinity of the same facilities are also underway. 

At present, the mammoth amounts of data needed to 
establish the existence or nonexistence of excess diseases are 
being collected. The data include age, sex, ethnicity, chemical 
and medical x-ray exposures, smoking and other personal 
habits, and the dosimetry records for each employee. If 

excesses are demonstrated for the more heavily exposed 
workers, more data on important confounding factors and risk 
variables will be collected. Preliminary results are expected 
soon. 

Concurrent with this study, the Laboratory is conducting a 
nationwide investigation of the deposition and distribution of 
plutonium and other transuranic elements in human tissue. 
Plutonium concentrations in the general population due to 
radioactive fallout are being determined from analyses of 
autopsy specimens provided by participating hospitals at 
various locations throughout the United States. In cooperation 
with the U. S. Transuranium Registry at Hanford, the 
Laboratory is also amassing data about plutonium concentra- 
tions in former nuclear workers, again by analysis of autopsy 
specimens. 

It is hoped that these studies will avoid many of the 
problems of earlier epidemiological studies and will document 
the presence or absence of health effects due to plutonium 
deposition in the occupationally exposed. 

How Have the Standards for Exposure to 
Ionizing Radiation Developed? 

At the start of the Manhattan Project, only three radiation- 
exposure standards existed, all for occupational exposures. 
Radiation injury to radium dial painters from inhaled or 
ingested radioactive luminous compounds resulted in the 
establishment of limiting standards for radon in workroom air, 
10-l1 curies per liter, and for radium fixed in the body, 0.1 
micrograms. Extensive occupational exposures to x rays led to 
the establishent of a limit of 0.1 roentgen per day for external x 
or gamma radiation. These standards were essentially toler- 
ance doses based on observations of exposed individuals; their 
acceptance implied the existence of a threshold dose below 
which no effects occurred. 

The years following World War I1 saw a rapid increase in 
exposures to a greater variety of radiation types. The National 
Committee on Radiation Protection (now the National Coun- 
cil on Radiation Protection and Measurements) was organized 
to examine the complex problems developing in radiation 
pr~tec t ion .~~ In the ensuing years, standards became more 
detailed as knowledge of the effects of radiation accumulated. 
By 1956, genetic hazard was considered the principal limita- 
tion on radiation exposure. Also, all exposures were con- 
sidered cumulative since there appeared to be no cellular 
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s a research institution, the Laboratory faces a 
greater variety of radiation exposure situations than 
do many einployers, so demonstration of compliance 

with current radiation protection standards is not simple, 
Feeling that the older film badge was inadequate, the Health 
Division here designed a versatile tfaennolu&escent 
dosimeter badge (using Harsfaaw Chemical Company compo- 
nents) as the primary tool for monitoring radiation doses 
received by employees. The dosimeter badge can detect a dose 
as low as 0.01 rem and thus is more than sufficiently sensitive 
to prove compliance with the current standards. In fact, the 
badges show a background dose of about 0.4 tnillirem per day 
in agreement with the expected background at Los Alamos 
from cosmic radiation and radionuclides in soil and building 
materials. 

A thermluminescent dosimeter consists of a lithium 
fluoride material that absorbs and stores energy when exposed 
to ionizing radiation. The material has been doped with 
suitable impurities; free electrons released by the io- 
radiation become trapped at impurity sites where they may 
remain stored for months or even years at room temperature. 
However, when the material is heated, the trapped electrons 
"thermoluminesce" and release energy as visible light. The 
amount of light released can be measured and is proportional 
to the radiation dose. In addition, if the material is enriched 
rather than depleted in 'Li, it becomes much more sensitive to 
neutron radiation. 

The badge includes three neutron-insensitive dosimeters, 
each covered by a different filter that allows passage of 
radiation with particular characteristics. A fourth dosimeter 
contains the neutron-sensitive material. 
. The measured responses (light outputs) of the four 
dosimeters provide the following information. 

0 The "penetrating" dose equivalent to that received 
about 1 centimeter into the body. This dose is due to 
gamma rays and high-energy x rays. 
0 The "nonpenetrathg" dose equivalent to that received 
about 0.007 centimeter into the body. This dose is due to 
beta particles and lower-energy x rays. 
0 The neutron dose (to be accurate this reading must be 
supplemented with a knowledge of the source and any 
moderating materials). 
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Fig. 3. The Environmental Protection Agency (EPA) is cur- 
rently the focal point for development of radiation protection 
standards in the United States, being charged by Executive 
Order to advise the President and all Federal agencies on 
radiation matters affecting health. Other agencies involved 
include BEIR, the Committee on the Biological Effects of 
Ionizing Radiations established by the CongressionaUy chart- 
ered National Academy qf Sciences; NCRP, the National 
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Council on Radiation Protection and Measurements chartered 
by Congress; ICRP, the International Commission on Radio- 
logical Protection; ICRU, the International Commission on 
Radiation Units and Measurements; NRC, the Nuclear Regu- 
latory Commission; OSHA, the Occupational Safety and 
Health Administration; DOE, the Department of Energy; and 
DOD, the Deportment of Defense. 
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recovery of genetic damage. Accordingly the Committee 
recommended a standard for occupational exposure of 5 rems 
per year and a standard for the general public of 0.5 rem per 
year. In recognition of the essentially linear relationship 
between dose and genetic damage down to zero dose, the 
Committee discarded the idea of a threshold dose and 
proposed a principle called "as low as practicable" or, in 
recent times, "as low as reasonably achievable." This principle 
states that radiation exposure must be avoided if unnecessary 
and should be kept as far below the standard as possible in 
light of social and economic considerations. Thus, present 
radiation standards consist of two parts: the exposure limit 
that is hot to be exceeded, and the instruction to keep the 
actual exposure as low as reasonably achievable. 

Acceptance of the no-threshold concept, which implies that 
any amount of radiation has some chance of causing harm, 
produces a dilemma about setting standards. One solution, 
used by both the International Commission on Radiological 
~rotection'~ and the National Council on Radiation 
Protection and ~easurements,'~ is to base standards on the 
concept of "acceptable risk." Application of the acceptable- 
risk concept will always be somewhat arbitrary, based as it is 
on decisions and judgments that take into account the benefits 
resulting from an activity as well as the risks. 

' 
Several points about radiation standards should be men- 

tioned. First, a standard by no means represents a sharp divid- 
ing line between safety and disaster. But the tendency of much 
of the public to so regard a standard often results in concern, 
and sometimes panic, when even minor accidents occur. 

Another point is the concern that standards may be set on 
the basis of ability to detect so that improved instrument 
sensitivity leads to lowered standards matching the new level 
of detection. However, the as-low-as-practicable regulations of 
the Nuclear Regulatory Commission for the general public are 
set at a level where direct measurement is not possible. Instead, 
proof of compliance is provided by calculations of radio- 
nuclide dispersion through the environment. 

Finally, the standards recommended by the National Coun- 
cil on Radiation Protection and Measurements have no force 
in law and must be translated into legislated guidelines and 
standards by a number of Federal and state agencies (Fig. 3). 
Most importantly, the Environmental Protection Agency sets 
standards for all Federal agencies and the Nuclear Regulatory 
Commission issues regulations that are binding on all its 

LOS ALAMOS SCIENCE 

licensees, that is, the nuclear industry. 
An example of cooperative interaction between the groups 

that recommend, legislate, and administer the standards is 
their solution in 1956 to the problem of occasional occupa- 
tional exposures above the 5-rerns-per-year limit. Various 
averaging schemes were rejected by the lawyers and regulators 
who would be required to deal with such schemes. However, 
discussions among the groups led to the concept of age 
proration whereby a worker's cumulative exposure is related 
to his age N and is limited quantitatively by 5(N - 18) rems. 
Within this cumulative limit, Federal guidelines permit doses 
up to 3 rems per quarter or 12 rems per year. These guidelines 
allow a certain flexibility in the assignment of occupational 
exposures. For example, a worker's previous exposure history 
may permit performance during a year of several tasks 
requiring doses close to the quarterly limit of 3 rems. It should 
be noted that an Environmental Protection Agency survey 
showed that in 1975 99% of all radiation workers surveyed 
received an annual dose of less than 2.5 rems, and 0.15% a 
dose exceeding 5 rems." 
. In January 198 1 the Environmental Protection Agency pro- 
posed new guidelines for occupational exposures." Includ- 
ed are changes in the requirements for the small number of 
workers who regularly receive large doses, recommendations 
for injested or inhaled radionuclides, weighting factors for 
nonuniform exposures of the body, and several alternative re- 
commendations concerning pregnant women and exposures of 
the fetus. These proposals are currently under debate, but 
their passage appears uncertain. It is felt by many that the pro- 
posed guidelines pose technical difficulties and will not achieve 
significant reductions in actual occupational exposures. 

Conclusions 

The controversy over the hazards of low-level radiation is 
based on our inability to measure the risks directly. As 
epidemiological studies evolve that better eliminate confound- 
ing factors, more accurate risk estimates will be possible. In 
the meantime, standards are set by balancing risk estimates 
based on the best current scientific data against social and 
economic considerations. 

The controversy will surely continue until definitive 
evidence for the effects of low-level radiation can be given, 
probably by unraveling the mysteries surrounding cancer and 
its causes. R 
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SCIENCE: Yo@ retired from the Laboratory, are the reasons we did so well at Los Alamos The view from 6- &OM*, ."" -2 &red. Why did ww @ yeam. 
you ~~ Los Alamos? SCIENCE: Do you think this situation has 
AGNEW. I was there 35 years and director changed? Had it in fact started to cbangs SAN DIEm from 1970 to 197% Nobody should ran the bqfiore yw h$ the Laborato~? 
course that bag. A director doesn't remain AGNEW: It is harder now, and in fact it gut 
vigorous beyoad 10 years-after that you harder for me because of the attitude in 
cant do what you should You can't rattle Washington (D.C.) and the increasing regu- 

- 

INTERVIEW 

I would urge, though, 
that ra t  allpossible, the 

national lab people get 
out into industry/or a 

year or two, so they can 
cg~preciate what it's like 
on the other side of the 

fence. 

cages. Also, there was the matter of re- 
numeration, although I think the University 
of CalifoUna has done something about that 
since I left. 
SCDENCB: What problems did you face in 
your new position! 
AGNEW: The difficult part, mafly, is coming 
into a place and not knowing the people. You 
don't blow who the con artists are. who are 
the real pros. I sort of grew up in Los 
Alamos. I started as a technician, and dl of 
us knew where the strengths were, whom to 
believe, who were very brilliant but some- 
times got off  the track. la a new place, you 
don't really know whom yoa can rely on, 
and it takes a while to learn. 
SCDENCB: What are the major differences 
between running a national laboratory and a 
commercial company; are there advantages 
of one wer the other? 
AGNEW. One thing that's really quite dif- 
ferent is that as one of the national labs, 
you're "part of the family'' while industry is 
not We may have had problems in the 
national laboratories with budget cuts and so 
forth, but you find that private industry is the 
first to get the axe when it comes to Federal 
funding-you redly are not part of the 
family, and so you're viewed quite Werent- 
ly. The feeling is clear that government can 
get more from the labs because the labs don't 
get a See,, bat tide labs get their buildings free, 
their land free, whereas in private industry, 
the company has to provide everythi&g. 
Also, the labs, in the old days, at least, had 
great freedom to use their funds to start new 
ideas. We could take money from one 
project and put it into another. This great 
flexibility was due to the enlightened man- 
agement of defense programs by the Division 
of Military Applications-they understood 
the situation. In industry, you simply can't 
do this; you must budget in advance, and 
although you have a reserve for contmgen- 
cies, it is nowhere near the amount of money 
that I had at Los Alaoaos. Also, in industry 
you don't have the flexibility of person- 
nel-that is an ideal situation. I think these 

lations. Maybe the whole thing will be easier 
again, under the Reagan Administration. I 
think Don's (Laboratory ~irektor ~ o n d d  
Kerr) experience in Washington before he 
became director will help him to get things 
done. I believe he's just what Los Alamos 
needed. 
SCIENCE: Do yw/eel that as president of 
General Atomic Company you have less 
influence, especially on policy, than you had 
as director of Los A h o s ?  
AGNEW: We& certainly I think we're 
viewed as more suspect, presumably because 
there's something in it for us, some sort of 
material gain. It's clearly known that the 
people in the national labs aren't going to 
make something out of it for themselves. I 
would urge, though, that if at all possible, the 
national lab people get out into industry for a 
year or two, so they can appreciate what it's 
like on the other side of the fence. Also, I 
think this would promote cooperation of 
government and industry on the htema- 
tional scene. Look how the Japanese 
work-government is a 'partner with in- 
dustry in Japan. But I experienced a real 
adversary relationship between our own gov- 
ernment and American industry, especially 
under tile Carter Administration. I hope this 
changes under Reagan, but there are many 
problems. There are so many antitrust laws, 
conflict of interest laws, that it will be very 
difficult to attain a partnership status. 
SCDBNCB: Did you feel when you were at 
Los Alamos that you Had a direct influence 
on national policy, especially the aefense 
posture? 
AGNEW: No question about it. 1 met with 
President Carter for almost two boars on the, 
(Comprehensive) Test Baa Treaty, through 
(Energy Secretary) Schlesinger's intervea- 
tion, together with Livermore's Roger Batzel.' 
We influenced Carter with facts so that he 
did not introduce the CTB, which we subse- 
quently learned he had planned to do. 
There's no question in my mind that Roger 
and I tamed Carter around because we 
incurred so many enemies from the other 
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side! It was obvious we had had an impact. 
SCIENCE; Were there other incidents such 
as this one? 
AGNEW: Yes. I had a hand with President 
Kennedy in the permissive action link. This 
was the matter of electronic locks on our 
warheads so that if they fell into the wrong 
hands they could not be used. 

is1 I think Reagan is a very prudent individ- 
ual, and so are many of those associated 
with him. I fed the defense policy will not be 
imprudent or provocative, but I think it will 
satisfy, .to some degree, those who are much 
to the right. 
SCIENCE: Do you know Mr. Reagan? 
AGNEW: No, but although I've never been 

the core, you can still cool the system with 
air. We're finding another thing that's ex- 
tremely important-that radiation exposure 
to plant personnel in water systems is becoaa- 
ing a nightmare. 
SCIENCE: The situation on roms per man 
year is better in gm-cooled systems? 
AGNEW: Yes. In the Fort St. Vrah gas- 

INTERVIEW 

SCIENCE: Other people could not launch 
them? 
AGNEW: Oh. they could launch them, but 
they couldn't fire them. Some of us realized 
that it was imperative that we install these 
locks, but the military fought the issue. 
SCIENCE: Why? 
AGNEW: Because they wanted full control 
over the warheads. At that time they con- 
sidered the concept an insult to their integrity 
and felt that it would deny personal control 
to them, but it was a matter of national 
security, and it had to be done. We instituted 
the program, and after I talked to Kennedy, I 
think my influence was felt. There agate, 
that's an advantage of being associated with 
a national lab. Everyone knows you have 
nothing personal to gain, so you have good 
credibility. 
SCIENCE: What kind of inci'dent was the 
permissive action link designed to avert? 
AGNEW: Well, suppose two countries set to, 
and we had our weapons in both countries. 
They could take them over, but if they did, 
they couldn't fire them. That's the type of 
thing we were trying to guard against. 
SCIENCE: You've been at General Atomic 
for more than two years. From this remove, 
do you see the role of the nattonal labora- 
tortes changi*ng? 
AGNEW: No. I think they are still centers of 
excellence, and I think the biggest fault of 
Carter's Administration was that they never 
really appreciated the strengths and con- 
tributions of the national labs. They didn't 
recognize what the national labs could do, 
say, for the energy program. They fumbled 
and bumbled and brought in other organiza- 
tions to do the j o b 4  won't call them 
bbbeltway bandits," but fly-by-night out- 
fits-when in fact the government could 
have used the labs at much less expense and 
with much better results, much better con- 
tinuity. 
SCIENCE: What do you think will happen to 
our defense programs under Reagan? There 
are those who think he's a hawk. . . 
AGNEW: I'm a lot more of a hawk than he 

associated with him, I think he's decisive, 
that he makes good decisions the way Presi- 
dent Kennedy did, and that such decisions 
are based on good, solid advice given to him 
by professionals in the field. 
SCIENCE: What about tilefuture of nuclear 
power under the Reagan Administration, 
especially after Three Mile Island. Theprob- 
lem was contained, but hasn? the biggest 
effect been the enormous public impact? 
AGNEW: Yes, and it redy has been enor- 
mous. It gave fuel to those who were, for 
whatever reason, opposed to nuclear energy, 
but I think in tile long run, the effect has 
been to settle the public safety issue. As 
Edward Teller says, he was the only one who 
was injured-he had a heart attack! I think 
Three Mile Island showed one thing, and I 
was heartened because this is something I've 
been preaching ever since I came to General 
Atomic: the issue is not public safety, for 
that has been settled. The issue is this: if we 
are going to maintain public utilities, using 
money invested by private citizens, then 
we're going to have to do more to protect the 
equity of these individuals. That's what 
Three Mile Island showed-that you can 
lose equity in a plant, and that it is more at 
risk in water-cooled reactors than it need be. 
It's been shown deafly that gas-cooled reac- 
tors have" better thermodynamic efficiency, 

cooled reactor, the coolant, helium, does not 
become radioactive. In our last refueling 
there was essentially no exposure to people. 
We took out a circulator that had been in the 
reactor for over a billion kilowatt hours and 
within one week, we could do hands-on 
maintenance. I think that's something that 
would relieve the public's worries about 
nuclear power. We cannot continue to ignore 
gas-coded systems-and they have been 
ignored. The Japanese are particularly ia- 
terested in them for process heat for in- 
dustry. General Atomic has a Kcease a- 
rangement with Japan right now for them to 
use high-temperature gas-cooled reactors for 
such heat Our Fort St. Vrain reactor has 
1350Â° outlet helium temperatures available 
right now, and this is going to be awfully 
important for industry in processing cement, 
glass, and syntih 
fuels. 
SCIENCE: Is any 
df this heat being 
used for pro- 
cessing? 
AGNEW: No. 
Nobody is using 

' 

t Fort St. v&\ 
was a demonstration 
plant, just to seeA 
if Ae 

better uranium fuel utilization, and 
that they are much more forgiving! 
SCIENCE: More f~rgiving? 
AGNEW: Yes, In World War a, an 
English friend reminded me that we 
had two kinds of aircraft engines, 
glycol-cooled and air-cooled, 
and that the air-cooled were much 1 
more forgiving because they 
could take abuse-antiaircraft 
fire, shrapnel-and limp along, 
but if you cut a line on a glycol- 
cooled engine, you're out of 
luck! It's the same way with 
gas-cooled reactors. You 1 
can't lose cooling because 
even if you lose pressure in 
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nuclear weapons will be independent of its 
decision to reprocess spent nuclear fuel. 
SCIENCE: What has this situation done to 
us in terms of slipping technology and loss of 
Ieadership? 
AGNEW: We've lost the technical and mord 
leadership anyway, and the rest of the world 
is doing what is prudent for them. It amazes 

protons, and I would say: "0.K. Tell me 
where the protons came from, then." Fenni 
couldn't, of course. Nevertheless, they had to 
come from somewhere. The question is, 
where? I don't care if you start with energy 
or with mass, but you have to start with 
something, or it simply can't be. Yet it is 
there, and it really can't be-guess I'm 

me that people talk about problems with 
storing long-lived transuranics, when it fact, 
if you reprocess, you recover them, plus the 
uranium, which you can then put back into 
the reactor. The rest of the materials, after a 
couple of hundred yews, have the same level 
of radioactivity as the uranium you took out 
of the earth in the first place. I've talked to 
(California) Governor Brown about this, but 
he simply doesn't understand, any more than 
most of the public; his eyes just glaze over. 
SCIENCE: Is anyone with a scientific or 
technical background advising Brown on 
such matters? 
AGNEW: I don't know. The fact is there are 
some people who have certain beliefs4 
won't call them religious beliefs~but still, 
these beliefs are like a religion. 
SCIENCE: Fanatical belief, perhaps? 
AGNEW: Exactly. Fanatical. I remember 
during World War D when I was with Luis 
Alvarez, we had an associate who read the 
Bible all the time. Luis used to attack this 
guy, in a very friendly way, and he would 
say: "HOW can you believe in this stuff? 
How can you believe in miracles?" We used 
to have long discussions about the miracles, 
like the Red Sea dividing. FiaaUy, this man, 
who was a scientist, said: "Luis, either you 
believe or you don't believe. It's that simple. 
It has nothing to do with anything con- 
crete~you just believe!" 
SCIENCE: You're saying that belief has 
nothing to do with facts? 
AGNEW: Right, and I draw this analogy to 
the antinuclear people. What they believe has 
nothing to do with the facts. I used to argue 
with Fermi, who was always very interested 
in cosmology-the big bang theory and all 
that I would tell him I was mystified because 
when I looked at this theory, I couldn't figure 
out where all the original dirt came from. H e  
would laugh, and we would talk about 

getting old! 
SCIENCE: Do you think Governor Brown's 
views on nuclear power are iftfluenced, 
perhaps, by the threat of earthquakes in 
California? 
AGNW: Well, I don't know, but I do know 
that if we had gas-cooled reactors instead of 
water systems, we would have a lesser 
problem because we wouldn't be faced with 
millions of gallons of radioactive coolant 
spewing out and soaking into the ground. 
SCIENCE: But what i f  a quake caused gross 
structural damage to a gas-cooled reap 
tor-wouldn't that be bad? 
AGNEW: You'd ruin the reactor, perhaps, 
but you wouldn9t have the major decon- 
tamination problems. You remember in the 
old Rover* days, we blew up a reactor-we 
had Roman candles-but then we went out 
into the desert and picked up the hunks. The 
decontamination was a piece of cake! 
SCIENCE: The Rover reactor used solid 
fuel. Is that the *the fuel- in this case? 
AGNEW: Yes, and the HTGR uses the basic 
Rover fuel~coated particles-and that's 
what impresses me. Ted Taylor (a thoughtful 
critic of our nuclear posture) called a while 
back and said: "You know, HTGRs are 
great for use in troubled parts of the world, 
the Middle Bast and so on, because you can't 
get into a mess with them. You can handle 
the decontamination because of the type of 
fuel and solid moderator used. And single- 
phase coolant has tremendous advantages." 
There's no question that in a catastrophe, 
like an earthquake or a conventional war, 
you might lose equity in a plant but you 
wouldn't make a mess which would be 
comparable to that from water-cooled sys- 
tons. 
SCIENCE: Even i f  this is true isn't it too late 
to change the public's opinion about nuclear 
power? 

. . #we don t bring in 
new technology, I think 
the nuclear power 
industry is doomed to 
extinction. 
. . .in the old Rover days, 
we blew up a (gas- 
cooled) reactor~but 
then we went out into the 
desert and picked up the 
hunks. The. 
decontamination was a 
piece of cake! 

*PfÃ ĵec Hover was a joint Atomic Enerev Cowmission-National Aeronautic and Space Administration 
pr&arn to design and build a nuclear-pwered rocket fw interplanetary space missions. The rocket 
engines were powered by ultra-high-temperature gas-cooled reactors that used fuel particles similar to 
those in the PueHc Service Co. of Cotorado's Fort St. Vrain plant. 
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AGNEW: I think we can. other countries %ce of Nuclear Energy said if the utilities 

; The view frm are preaching that nuclear power ig a g o d  were in favor ofnew technology they should - .  

thine, but we have been remiss. We mu& form an association and then they would be 
begin explaining to s~hoolchildren facts included in program management. A$ soon 
about the atom-facts and not emotion. You as they formed the GCRA, the Adminis- 
Be' people still don't realize that radiation trtion zeroed out the budget for the HTGR! 
doesn't creep and crawl! We had to go to Congress to get it restored. 
SCIENCE: Meanwhile, though, we b e  our We had absolutely no support from the 

INTERVIEW 

current crop of reactors. Are you suggest- 
ing. . . 
AGNEW: Noy we need them stilly and they 
will serve their purpose. 1 think the things 
industry has done-put in improved man- 
agement sy8tas, rqmthg system$, and 
mmpone~~ts, as weB as better trained person- 
nel-has helped the situation. But let's face 
its we're d l  in our Wmcy h nuclear power. 
The present generation of reactors has 
8md its purpose, a d  somewhere in the 
world the new gasad& sy&tms wiil be 
adopt&. If &gland md France had had 
s ~ % c i a t  helium for cooling, tbey wodd 
have stayed with these reactor& but instead, 
they had cwbm dioxide and that is not very 
good3 neutrmicdly or as a cook& and it 
&o has temperature limitations. ?'hey also 
had metal-clad hel, which limited tern- 
peratwe. W i i  ow Triso-coated fuel parti- 
cles# the system is very good. Y w  must 
remember that a b u t  a third of the electric 
gaerating cap&%@ in the United States 
belongs to the Gas Cooled Reactor As- 
swiates,* and they me saying to the govm- 
ment: ~ ' h l c g  we b o w  n&m power is 
cheap, more reliable, a d  kss insulting to 
the mvimment, but we need your help. This 
technulogy is too q @ e  Way for any 
one utility ~ o m p y  to p m ~ u e . ~  These can- 
p d e s  have teamed up to pu& gawm1ed 
reactor% bat they don% want to jwp#&e 
their presmt systems. Howevers if we don't 

in new technologyy I think the nuclear 
power industry is domed to exthcdon. 
SCIENCE: How many &r wtilities we 
there, and how mch ofthe present ~ w l e a r  
gmemtt~g cap&ili@ do t h q ~  have? 
AGWEW: About 30 to 40 ~ m p d e s  and 
thy own about 40 per teat of the nuclear 
generatiag capacity in the U.S. 
SClENCB: 2 % ~  h e  a cumm bond; do 
thgy difler oa technological aermch? 
AGNEW. No, they don't. Here is another 
vaciilation of the Carter Adminis- 
bation-early in that Addnistration, the 

government or from the Department of 
Energy. 
SCIENCEk What db you think Reagan will 
do about the Department ufl%nergy? Is it too 
uawiel&? 
AGNEW: Clearly, something has to be done 
about it. I believe tbe (synthetic) fuels have to 
be pulled out, and they will bey under the 
Synthetic Fuels Act. I can anticipate that 
someday the defense programs will be pulledy 
but whether they'll go to the Wmse Depk- 
m t  or to a separate organization, 1 don't 
know. Either wayy I believe it's inevitable. 
SCIENCB: @' &$ern program are pulled, 
will. this be an improvement? 
AGNEW: It's too bad in a way. I think &e 
tdent is really in Los Almos, $andia, md 
Livemore (National Laboratories), in the 
context of what Energy's real job is. The labs 
understand projects, how to get them on line, 
on schedule> and within budget. Look at the 
h s  Marnos plutonium facility, and ~~s 
dectra-beam fadity. Or check on. what's 
been done in the wagmu program-when 
they had a c o d m a n t  for a new wwpuns 
system, then by God the system was built 
bemuse Ham Rosds DOE Albuquerque 
Operations ORce really understands how to 
run production facilities. But then, this bas 
led to a problem-there's resentment in the 
re& of DOE at h m  w d  maraged the 
defense side has been. As a result, they don't 
want thew p p l e  involved, fur it wodd 
show up the rest of them. 
SCIENCB yoa were itz a position to 
iafluence the new Administration, what 
wudd yuu c?b about the &prtme#t of 
&zero? 
AGNW: I'd focus on special projects. The 
space pro&ram was an outstanding success 
because it had a p % c  objective. There are 
no ultimate gods right now in DOE?, no 
focusing at all, except, perhap8, in ?he syn- 
thetic fuels programy a d  that may be on the 
skids* 
SCIENCZ: The syn fuels goal m s t  have 



INTERVIEW 
4 



THIS REPORT WAS PREPARED AS AN ACCOUNT OF WORK SPONSORED BY THE UNITED STATES 
GOVERNMENT. NEITHER THE UNITED STATES GOVERNMENT, NOR THE UNITED STATES DE- 
PARTMENT OF ENERGY, NOR ANY OF THEIR EMPLOYEES MAKES ANY WARRANTY, EXPRESS OR 
IMPLIED, OR ASSUMES ANY LEGAL LIABILITY OR RESPONSIBILITY FOR THE ACCURACY, 
COMPLETENESS, OR USEFULNESS OF ANY INFORMATION, APPARATUS, PRODUCT, OR PROCESS 
DISCLOSED, OR REPRESENTS THAT ITS USE WOULD NOT INFRINGE PRIVATELY OWNED RIGHTS. 
REFERENCE HEREIN TO ANY SPECIFIC COMMERCIAL PRODUCT, PROCESS, OR SERVICE BY 
TRADE NAME, MARK, MANUFACTURER, OR OTHERWISE, DOES NOT NECESSARILY CONSTITUTE 
OR IMPLY ITS ENDORSEMENT, RECOMMENDATION, OR FAVORING BY THE UNITED STATES 
GOVERNMENT OR ANY AGENCY THEREOF. THE VIEWS AND OPINIONS OF AUTHORS EXPRESSED 
HEREIN DO NOT NECESSARILY STATE OR REFLECT THOSE OF THE UNITED STATES GOVERN- 
MENT OR ANY AGENCY THEREOF. 


	getfile_023.pdf
	getfile_024.pdf
	getfile_025.pdf
	getfile_026.pdf
	getfile_027.pdf
	getfile_028.pdf
	getfile_029.pdf
	getfile_030.pdf
	getfile_031.pdf
	getfile_032.pdf
	getfile_033.pdf
	getfile_034.pdf
	getfile_035.pdf
	getfile_036.pdf
	getfile_037.pdf



