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Preface
To the Second Edition

This Second Edition has been several years in the making. My life-long friend
and colleague John Collier died from pancreatic cancer on November 18, 1995.
This Second Edition must sadly but proudly serve as a memorial to John and to
his intense and firm conviction of the need for nuclear power for the future
well-being of the human race on this planet. John Collier's transparent honesty
and humanity provided the best possible witness to the sincerity of this convic-
tion. I, too, strongly believe in the ultimate necessity for nuclear power; there
will be temporary situations where this need is not so obvious (for instance, the
current availability of an excess of natural gas in the United Kingdom), but the
long-term situation is clear. It is thus vital to continue research and development
in the area and to maintain an adequate technology base. Everything possible
must be done to develop public confidence in nuclear power, and the industry
should not be averse to considering new concepts which spring from the
lessons regarding inherent safety learned in the chemical industry. The main
public concern is with the possibility of severe accidents, and the accidents at
Three-Mile Island and Chernobyl have naturally served to fuel this fear. The nu-
clear industry must recognize this problem of public acceptability and face up
to it. Once the long term need for nuclear power is recognised and accepted,
solutions can and indeed must be found. However, it is worth pointing out that
of all modern industrial plant, even the present generation of nuclear power
stations is among the safest. In a properly regulated environment, the present
operating nuclear power stations provide a safe and economic means of energy
production. However, the nuclear industry needs to give a lot more thought to
the sources and consequences of major accidents if, as it seems inevitable to
me, nuclear power generation will need to be expanded to meet the growing
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energy demands. It is with this as a background that a large amount of the ma-
terial in this book is concerned with nuclear accidents and their consequences.

For this Second Edition, the material has been extensively updated and re-
vised. In the months before his death, John Collier carried out much of the
work in preparation for this, and I would like to place on record my apprecia-
tion of his contribution. Perhaps the most important new material is that associ-
ated with the Chernobyl accident. This accident happened on April 28, 1986, at
a time when the proofs of the First Edition had been produced. A short section
was written in the First Edition about the accident but, of course, a full realiza-
tion of the sources and consequences of the event was not at that stage possi-
ble. We have attempted to rectify this in the current volume. We have also
updated the section on the Three Mile Island accident to reflect the continuing
developments in understanding and analysis of that event.

Other major modifications in the current volume, with respect to the First
Edition, include an updating of the material on Earth's internal heat generation
in Chapter 1, major updating and revision of the general material on severe ac-
cidents, and an updating of the material relating to fusion power generation.

I hope that this new edition will be a helpful update for those who pur-
chased and used the First Edition and that it will serve to introduce a new gen-
eration of readers to nuclear power and its enormous future potential.

G.F. Hewitt, 1996



Preface
To the First Edition

The decision to write this book was made several years ago against a back-
ground of general unease that we both felt about the level of public under-
standing of nuclear power and its associated technologies. There is no doubt
that there are currently considerable fears in the minds of many people about
nuclear power generation. Unless these fears are dispelled through a deeper
and more widespread understanding of the technologies and other issues in-
volved, the development of nuclear power, which has a vital contribution to
make to the world’s energy requirements, may be jeopardized.

In preparing this book we have tried our utmost to present nuclear power in
simple terms as it really is. Thus, we have discussed real and actual accident
scenarios in detail, just as we have discussed the problems of disposal of nu-
clear waste. Our aim has been to give a factual and unemotional presentation of
what is now a relatively mature technology. This book was in production when
news of the Chernobyl reactor accident in the USSR emerged. We have in-
cluded some material on this reactor type and, as best as we can, the informa-
tion available about the accident itself. The worldwide concern following this
accident has illustrated again very directly the need for better and simpler in-
formation to be available to the public about nuclear power.

One of the major difficulties in writing a general introductory book of this
kind is that of deciding the level and type of audience to which it should be ad-
dressed. Our overall aim has been to produce a text that is as free of jargon as
is possible and that demands the minimum possible basic scientific knowledge,
while at the same time presenting descriptions and facts at a level of detail suf-
ficient to make them generally useful. Thus, the text should be of interest to a
variety of readers, including the following:
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1. The intelligent general reader, interested in science and technology, who
wishes to brief him or herself in greater depth about nuclear power.

2. The undergraduate or graduate student pursuing introductory courses on en-
ergy in general and nuclear power in particular. It was with this student au-
dience in mind that we have given a number of worked examples and
problems at the end of each chapter; these are designed to increase the
depth of understanding of the concepts described and to provide an aid to
the use of the text in presenting such courses.

3. The industrial technologist wishing to obtain an overview of the nuclear in-
dustry. It is perhaps typical of the pressures of modern life that many tech-
nologists, even within the nuclear industry itself, do not have a full general
appreciation of the overall basis of nuclear power. This book should, we
hope, help fill that gap.

Both of us were trained as chemical engineers (JGC at University College,
London, and GFH at UMIST, Manchester), and we have both specialized in the
thermal aspects of nuclear power. It is from this viewpoint that the book has
mainly been written. We make no apologies for this; the generation and dissi-
pation of heat have a dominant position in nuclear power. Heat generation is
important not only during the time of operation of the nuclear reactor but also
in considering what happens to the nuclear fuel once it is removed from the re-
actor. Because of the fission products, heat generation continues at a significant
rate for decades after the fuel is taken out of the reactor. Careful consideration
must, therefore, be given to cooling the fuel at all stages, and this will be the
theme that forms a consistent thread throughout the book.

We gratefully acknowledge the considerable assistance we had from a num-
ber of people in preparing the final manuscript. In particular, we thank Sonya
Crowe and Mary Phillips Born, who read the manuscript from the nonspecialist
viewpoint. They, and several other readers, helped us identify unnecessary jar-
gon in the original manuscript and pinpoint parts of the text where the expla-
nations were less clear than they ought to be. We are also very grateful to our
colleagues at Harwell and in the CEGB for assistance in the preparation of the
diagrams, checking of the examples, and typing and preparing the manuscript,
although we stress that any views and opinions are our own. Finally, we would
like to thank our wives (Ellen and Shirley) for their support and patience. De-
spite their good efforts to keep us apart, we fear that (by continuing our inces-
sant conversations on nuclear power and two phase heat transfer) we have not
given them the support that we should at many a cocktail and dinner party!

The objective of this book is to introduce nuclear power in a factual and un-
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emotional manner. However, in all fairness to the reader, we must close this
preface by stating our own position quite unequivocally. Notwithstanding fluc-
tuations caused by recessions, supply difficulties, oil price rises and slumps,
etc., there is a continuous underlying increase in humanity’s demand for en-
ergy. This will continue and accelerate as the underdeveloped countries begin
to demand standards that we now take for granted in the industrialized nations.
The fossil fuels (coal, gas, and oil) are finite and, as we all realize, recovery may
ultimately prove uneconomic or their use unacceptable as the demand for
global environmental protection grows. Alternative energy sources (tidal, solar,
geothermal, and wind) all have their place and deserve continuing support and
development; however, even the most optimistic of their proponents, cannot
see them becoming the major component of the growing bulk energy require-
ment. Energy conservation, too, is vitally important and must be encouraged
with the maximum attention. However, neither alternative sources nor energy
conservation is likely to bridge the gap between demand and supply over the
next century, and nuclear power is the important and growing energy source
for the future. It is a clean and efficient power source, both economic and com-
pact, with 2 minimum of environmental impact. Accidents like Three Mile Is-
land and Chernobyl need to be put firmly into context with other industrial
accidents and particularly those related to the energy industry. However, like
any other technology, nuclear power must be developed responsibly and the
facts about it clearly understood and accepted by the public and also by those
in government who make decisions on technology policy. That is why we
wrote this book.

Jobn G. Collier
Geoffrey F. Hewitt
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The Earth and Nuclear Power
Sources and Resources

1.1 INTRODUCTION

This book is written from an engineer’s viewpoint, particularly that of a thermal
engineer, that is, a design or research engineer concerned with heat production
and utilization. We believe that the most important problems in the utilization of
nuclear power concern the handling of thermal energy generated in the various
processes. This includes handling under the normal operating and processing
conditions and dealing with heat removal problems under the unlikely condi-
tions of an accident. The problem of handling thermal energy associated with
nuclear power does not stop when the fuel is removed from the power station,
small amounts of heat are generated in the spent fuel before it is processed and
in the waste products. The consequences of this are also the concern of the
thermal engineer.

The approach that we shall take, therefore, is one that is not normally fol-
lowed in general books on nuclear energy. We will follow the history of nuclear
materials from their cosmic origins, through their terrestrial life span up to the
time when they are used in nuclear reactors, and beyond. Although we will
need to explain some elementary aspects of physics, the emphasis will be on
what happens to the thermal energy.

We begin with the history of uranium in the earth, the decay of its isotopes,
and the effect this decay has had on the earth as we know it. Comparisons are
made with the earth’s other main energy source: the sun. Energy from the sun
is derived either directly or through storage media such as fossil fuels, hydro-
electric power, and winds.
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The rate at which energy may be extracted from nuclear materials can be en-
hanced by the self-sustaining process of nuclear fission. Nuclear fission does
not normally occur in nature, but recent studies have revealed that nature an-
ticipated Enrico Fermi by about 2 billion years in creating a natural nuclear fis-
sion reactor by a series of extraordinary and improbable events. We shall use
this example in introducing nuclear fission.

In the final part of this chapter, we compare the relative magnitudes of thermal
energy resources of the various types: fossil fuel, nuclear, solar, and so forth.

1.1.1 Forms of Energy

What is energy? There is general awareness of the problem of depletion of the
world’s energy resources. People understand energy in terms of those re-
sources, namely, the supplies of oil, gas, and coal and the electricity derived
from them. All of these items have made an increasingly large demand on na-
tional and personal budgets.

The engineer has, by training, a somewhat different concept of energy. This de-
rives from his or her undergraduate training in the field of thermodynamics, which
is the science of energy and energy conversion. We do not intend to try to provide
a basic course in thermodynamics; however, for the rest of this book to be rea-
sonably intelligible, it is important that some of the basic concepts be stated.

The concept of doing work to lift objects or to move an object such as a bi-
cycle along is a commonly accepted one. Thus, it is relatively easy to under-
stand the concept of energy as a measure of the ability to do work. Energy can
appear in different forms as follows:

1. Kinetic Energy. This is energy associated with movement, for example,
that of a flywheel or a moving locomotive.

2. Potential Energy. This is energy possessed by virtue of position, typically
in the earth’s gravitational field. For instance, a child sitting on the higher
end of a seesaw has greater potential energy than a child sitting on the
lower end. Likewise, water in a mountain lake has greater potential energy
than water at sea level.

3. Chemical Energy. Matter consists of atoms that are combined together in
molecules. Molecules of different substances can react to release energy,
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and this releasable energy is often termed chemical energy. For example,
chemical energy is released when gasoline combines with air in the cylin-
ders of a car’s engine.

Electrical Energy. Atoms consist of a central mass, known as the nucleus,
around which a cloud of electrons circulates (see Figure 1.1). If there is an
excess or deficit of electrons in one part of a body, the body is said to have
an electrical charge and, by virtue of this, to have electrical energy. An ex-
ample of this is a thunderstorm, where the clouds are charged electrically
with respect to the ground.

5. Nuclear Energy. Normally, the nucleus of an atom is stable and will re-

main indefinitely in its present state. An example is the nucleus of an atom
of iron; no matter how much we would like it to happen, iron will never
change into another element, such as gold. However, the atoms of some el-
ements are unstable and can change into another form spontaneously, by
the emission of radiation. We shall discuss the forms of radiation emitted
further in Section 1.2; it is sufficient here to note that the radiation emitted
has kinetic energy and the disintegration process results in the release of
energy associated with the nucleus, namely, the nuclear energy. If the nu-
cleus could be weighed before the disintegration, and the resulting nucleus
and all particulate components of the radiation weighed afterward, it would
be observed that a small change in mass had occurred due to the conver-

Carbon 12

600 Protons

999 Neutrons

992 Electrons

Figure 1.1: Schematic diagram of carbon-12 atom.
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sion of mass into energy. The relationship between the loss of mass m and
the energy released E is given by Einstein’s famous equation:

E = mc?

where ¢ is the velocity of light, namely 300,000 kilometers per second
(186,000 miles per second). The amount of energy deriving from a mass loss
is enormous; for example, 100 kilograms of mass fully converted into energy
would supply all the energy needs of the United Kingdom (at the present rate
of usage) for a year. Each kilogram of mass, fully converted, is equivalent to
the energy available by burning 3 million tons of coal In a typical nuclear re-
action, however, only a tiny fraction of the mass is converted into energy, typ-
ically ~0. 1%. The disintegration of an unstable nucleus, and the consequent
release of nuclear energy, can be stimulated by exciting the nucleus by bom-
barding it with radiation. This is at the heart of the fission reaction process,
which we shall discuss further below. Nuclear energy can also be released, as
we shall see, by the fusion of very light atoms into heavier ones.

6. Thermal Energy. The atoms of all substances are in constant motion. In a
solid the atoms are held in an approximately fixed position with respect to
one another. However, they all vibrate to an extent that increases with in-
creasing temperature. The energy associated with this vibration is called
thermal energy. In fluids (namely, liquids and gases), two or more atoms
may be combined with each other chemically in the form of molecules.
These molecules have vibrational energy, but in the fluid state they may
also have translational energy arising from their motion in space and rota-
tional energy arising from their rotation. All of these components of energy
add up to the thermal energy of the fluid. It will be seen from this descrip-
tion that thermal energy is of a special type. It is associated with atomic or
molecular movements that are randomly directed. This makes it very much
more difficult to convert thermal energy into other forms of energy, as we
shall see below.

The intensity of atomic or molecular movement is a measure of the energy
content of a piece of matter. A body that has a high intensity of atomic or mol-
ecular movement will transfer energy to an adjacent body with a lower intensity
of movement. This process of transfer of thermal energy is known as conduc-
tion, and we define a quantity known as temperature as a measure of the abil-
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ity of a body to transfer thermal energy to adjacent bodies by the conduction
process. If the temperature of a body is higher than that of adjacent bodies, heat
will be conducted from it; if it is lower, the reverse is true. We conveniently
choose a scale of temperature in terms of certain transitions that occur in na-
ture. Specifically, we define the melting point of ice as zero degrees centigrade
(0°C) and the boiling point of water as 100 degrees centigrade. In energy con-
version processes involving thermal energy, it is convenient to define an alter-
native temperature scale, commonly referred to as the scale of absolute
temperature. Here, the measure of temperature is the kelvin (K) rather than the
degree centigrade. Zero kelvin corresponds to -273.17°C and is the condition in
which all atomic and molecular motions have effectively ceased.

In a system that does not receive energy from or emit energy to the outside,
the total amount of energy can be increased only by converting mass into en-
ergy via nuclear processes. In the absence of these processes, the total amount
of energy remains constant (this is the basis of the first law of thermodynamics).
However, within the given system, the form of energy may change (e.g., chem-
ical energy may be converted into thermal energy or thermal energy may be
converted into mechanical energy). Before discussing these conversion
processes, we shall digress briefly to discuss and explain the units by which en-
ergy is measured, since these are vital in what follows in this book.

1.1.2 Units of Energy

In this book we shall use the now widely accepted Systém Internationale (SD units
of energy. Here the basic unit of energy is a joule. The magnitude of the joule may
be understood from the following examples for various types of energy.

Kinetic energy. A mass of 2 kilograms (4.4 Ib) moving at a velocity of 1 meter
per second (3.3 ft/s) has a kinetic energy of 1 joule.

Potential energy. A mass of 0.1 kilogram (3.5 ounces) at a height of 1 meter
(3.3 ft) above the earth’s surface has a potential energy of 1 joule.

Chemical energy: Burning 1 kilogram (2.2 Ib) of coal releases approximately
3.5 million joules of energy.

Electrical energy. A 100-watt lamp burning for 1 second uses 100 joules of
electrical energy.

Nuclear energy: Converting 1 kilogram of mass into energy releases 80
thousand million million joules.

Thermal energy. Heating 1 kilogram of water by 1°C (1 .8°F) requires 4187 joules.
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The rate of energy flow or production is measured in watts, I watt being 1
joule of energy per second.

Units such as the joule and the watt are rather small for many practical pur-
poses. In the SI system of units the practice is to use prefixes to denote larger
quantities. Thus:

1 kilojoule (kJ) = 1000 joules

1 megajoule (M]) = 1 million joules

1 gigajoule (GJ) = 1 thousand million joules
1 terajoule (TJ) = 1 million million joules

1 kilowatt (kW) = 1000 watts

1 gigawatt GW) = 1 thousand million watts

Many other measures of energy are in common use, and it may be helpful to
state here the relationship between these units and their SI equivalents:

1 calorie (energy required to heat 1

gram of water by 1°C) = 4.187 joules

1 British thermal unit (Btu) (energy

required to heat 1 Ib of water by 1°F) = 1055 joules

1 therm (100,000 Btus) = 105.5 megajoules
1 mtce (energy released by burning

1 million tons of coal) = 26,892 terajoules

1.1.3 Energy Conversion Process

The extent to which one form of energy can be converted into another is limited
by practical considerations. The fraction converted in a given process is often re-
ferred to as the gfficiency of the process. Thus, in converting x units of energy in
form A to y units in form B, the percentage efficiency is defined as 100)/x. The
energy not converted to form B (i.e., x —y units) may remain in form A or may
find its way into other forms (C, D, etc.) as a result of the process.

An example of energy conversion leading to power generation is hydroelec-
tric power generation. The potential energy of the water in a mountain reservoir
or lake is first converted into kinetic energy of a turbine, which in turn is
converted into electrical energy by means of a generator. All of these energy
conversion processes are quite efficient; with good design they might even
approach 100% efficiency. The energy not converted to electrical energy in this
process is mainly dissipated by increasing the thermal energy of the water
leaving the power station.
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Another common example of energy conversion is that of converting the
chemical energy of fossil fuels (e.g., coal or oil) into electrical energy through the
medium of a conventional power station. This case is illustrated in Figure 1.2.
Suppose that we start with 100 GJ* of chemical energy in the form of coal. This
energy is released at a high temperature (typically 2000°C). Some of the energy
(typically 10 GJ) leaves the power station as thermal energy in the flue gases
going up the stack. However, most is transferred by thermal radiation and con-

*One gigajoule of energy would be sufficient to power a 100-watt light bulb for 116 days
(nearly 4 months).

10GJ thermal energy
in flue gases

Combustion at
1006) —m8» 2000°C
chemical in steam boiler
energy
in fuel

90GJ thermal energy
in high pressure
steam from boiler

l

Turbine generator

35GJ of 55GJ of thermal energy
electrical energy in low pressure
steam from turbine

Transmission and

utilisation as Condenser
Thermal Mechanical 55GJ of thermal energy
energy energy rejected to cooling

water at 25-40°C

Cooling tower

55GJ rejected to atmosphere
at 0-30°C

Figure 1.2: Energy conversion in a power station.
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vection to the water in the boiler tubes, converting this water into high-pressure
steam at perhaps 500°C. This steam is passed into a turbine, where some of the
thermal energy is converted into electrical energy (typically 35 GJ), and the rest
of the original energy (55 G)) is rejected as thermal energy into lukewarm cool-
ing water at 25—40°C.

Thus, only about one-third of the original chemical energy in the coal has ac-
tually been converted into a useful alternative form, namely, electrical energy.
The efficiency achievable in the conversion of thermal energy (the intermediate
form of energy in the process described here) into electrical energy is deter-
mined by the temperature range over which the process operates. If we were
able to reject the heat at a temperature close to absolute zero, the residual ther-
mal energy would be negligible. However, we are forced to reject the energy at
a temperature slightly above that of our normal surroundings, at which temper-
ature a very large amount of the thermal energy still remains. Thus, if we lived
on a planet where the ambient conditions were close to absolute zero, our en-
ergy conversion efficiencies could be made much higher, though there would
be some other difficulties. This basic limitation on the conversion of thermal en-
ergy into other useful forms is fundamental to thermodynamics.

We may make better use of the chemical energy used in power generation
if we can use the thermal energy leaving the station directly, for example, for
domestic or industrial heating. However, this heat is not very useful at the luke-
warm temperatures of the cooling water. A combined beat and power (CHP)
station rejects heat at a higher and more useful temperature (100°C, say), but,
for the reasons explained above, this leads to some reduction in the electrical
output of the station. This trade-off between heat and power generation can
sometimes be economic, particularly where there is a large demand for heat.
Thus, CHP stations have found extensive application for power generation and
district heating in the Scandinavian countries and Russia.

A device for converting thermal energy into another form of energy (kinetic,
potential, electrical, etc.) is referred to as a beat engine. A typical heat engine
would be the turbine of a power station. Other examples are the jet engine of
an airplane and the internal combustion engine of an automobile. All these de-
vices take thermal energy generated at a temperature 7;, carry out some form of
energy conversion, and reject the residual thermal energy at a lower tempera-
ture, T,. Here, T}, and T, designate temperatures on the absolute (kelvin) scale
of temperature. The maximum efficiency 1 obtainable from any heat engine is
given by an equation first derived by Carnot in 1824:
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This equation shows that if 7, is zero on the absolute scale, the efficiency can
theoretically approach unity (i.e., 100%). However, in practice it is necessary to
reject the heat at a temperature somewhat above normal ambient temperature
(e.g., 300 K or 27°C). Thus, the maximum efficiency is likely to be around
50-60% in a common heat engine, with practical efficiencies being lower than
this because of departures from ideal behavior.

1.2 EARTH'S INTERNAL HEAT GENERATION

The classical view of the origin of the planet Earth was that it was formed from
material torn out of the Sun, possibly by the gravitational pull of a star that
passed close by. The material torn out would be initially in gaseous form and
would then condense into a liquid, which would solidify on its outer surface,
forming Earth’s crust. This view is now considered to be unlikely because the
materials of which Earth is made (iron, calcium, magnesium, aluminum, etc.) do
not normally occur inside stars like the Sun. Planets like Earth are, in fact, some-
thing of an oddity in the whole collection of galactic material, which consists
mainly of elements such as hydrogen and helium. To create heavier elements
such as carbon and neon by fusion of lighter elements, a temperature of 200
million °C is required, and even heavier elements (iron, cobalt, nickel, etc). re-
quire temperatures of 4500 million °C for their formation. Such temperatures do
not exist in the Sun, but they have been postulated to occur in “supernovaes,”
explosions of great violence in which giant stars end their lives.

Hawking (1988) has described the process of creation of our universe
(Figure 1.3). When the “big bang” occurred, the universe was infinitely small
and also infinitely hot. Seconds later the temperature had fallen to 10'° degrees
and the initial expanding universe consisted mainly of particles; photons, elec-
trons, protons, and neutrons. After a hundred or so seconds these particles
started to combine to form the nuclei of helium, hydrogen, and “heavy” hy-
drogen (deuterium). This process was completed within just a few hours, and
the production of helium and hydrogen then ceased. For the next million or so
years the universe expanded as the temperature dropped to a few thousand de-
grees. Inhomogeneities developed and some of the denser regions of the gas
cloud stopped expanding and started to collapse under gravitational attraction.
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The collapse caused rotation, and disklike galaxies were born. Slowly regions
of higher density were formed heated by fusion reactions converting hydrogen
to helium, and “stable” stars were created. However, the larger the star the more
rapid the consumption of hydrogen. Heavier elements like carbon and oxygen
were formed as a result of the very high temperatures, but finally a crisis oc-
curred with the exhaustion of the hydrogen fuel: the star collapsed in an explo-
sive way (a supernova), and in the final stages of the supernovae explosions
the heavier elements were formed. These first-generation stars lasted a few
hundred million years, and the debris from their destruction together with the
original gaseous cloud formed the source material for second- or third-genera-
tion stars like our Sun. These were formed about 5 thousand million years ago.

Modern theories suggest that the formation of the planets (for instance,
Earth) was a multistage process. First, the solar nebula was formed by the col-
lapse of the dense rotating interstellar gas cloud containing the debris from ear-

Stars, galaxes, heavier atoms, molecules form.
Life begins.

L 1billion years (109). 10°K

Light neutral atoms form.

100,000 years. 4000°K
Light nuclei form

3 minutes. Billion*K
Electrons and positrons annihilate into photons.

L 1 second. 10 biltion*K (10'°)
i Universe almost entirely made of photons,
E electrons, positrors, neutrinos and antineutrinos.

1 /10 billionth second. 10'>°K
Grand unified symmetry broken.

10%8econd. 107%K

Grand Unification of strong electromagnetic and
weak forces.

10 second. 162K
“

Figure 1.3: Stages in the formation of the universe.
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lier supernovae condensed to form dust. In the 1950s and 1960s it was assumed
that the second stage consisted of the accretion of this dust into an initially solid
and cold Earth —in contrast to the classical theory in which Earth was initially a
molten body that gradually cooled. It was necessary to postulate a mechanism
by which the core of Earth became molten, and the explanation for this was be-
lieved to be in the behavior of the radioactive materials uranium, thorium, and
potassium within Earth’s core. Once temperatures were high enough, melting,
followed by segregation of the molten core, was assumed to occur. However,
analysis of the crustal rocks has provided an estimate of the time at which this
segregation must have happened. This suggests that core formation occurred
relatively early and that Earth must have accreted in a relatively hot condition.

This important new finding has led to alternative theories for the stages sub-
sequent to the formation of the solar nebula. These more recent theories as-
sume the dust (associated with the residual gases) accreted rapidly—within a
few million years—to form larger kilometer-sized bodies, referred to as “plan-
etesimals.” These were initially hot, heated by the compression during the ini-
tial collapse phase and perhaps also by radioactive decay of short-lived isotopes
like 2°Al. These planetesimals in turn slowly accreted into planets by mutual in-
teraction. As the planets approached their final masses, they were impacted by
larger and larger objects. Indeed it is now believed that one or more very large
Mars-like objects impacted within Earth at a late stage in the accretion process.
The vaporized material ejected then coalesced in orbit around Earth to form the
Moon. This hypothesis can explain the absence of a metallic core in the Moon
and the high angular momentum of the Earth-Moon system. This massive im-
pact would also have completely melted Earth with surface temperatures as
high as 16,000 K. It would also have completely changed the structure and
composition of Earth’s crust compared with that which had existed during the
early accretion period.

Many atomic species were formed during the cosmic processes described
above, some of which are unstable. We shall now focus on the atom, and on
the particular case of uranium, which is central to our story.

Figure 1.1 shows a typical impression of an atom. It consists of a nucleus
made up of dense particles called nucleons. These are of two main types,
namely, protons, which each carry one unit of positive electric charge, and neu-
trons, which have the same mass as protons but are electrically neutral. Thus,
the nucleus has a total electrical charge equal to the number of protons within
it. Orbiting around the nucleus there is a cloud of electrons, which can be
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thought of as very small particles (compared to the nucleons). Each electron
carries one unit of negative charge, and, to maintain a balance of electrical
charges for the atom, the number of electrons equals the number of protons.
The number of protons determines the atomic number of the particular species
of atom of a given chemical element. The total number of nucleons (neutrons
plus protons) determines the atomic mass. An atom of hydrogen has a nucleus
consisting of only one proton and a single electron orbiting around it. The car-
bon-12 atom, shown in Figure 1.1, has 6 protons and 6 neutrons in its nucleus;
thus its atomic mass is 12. There are 6 electrons orbiting around the carbon-12
nucleus. At the other end of the atomic mass scale, the most common form of
uranium atom, uranium-238, has 92 protons plus 146 neutrons in its nucleus
and 92 electrons orbiting around the nucleus.

Most of any given atom consists of space. If a hydrogen atom was magnified
until it was 100 meters across, the electron would resemble a pinhead revolving
around a ball bearing 50 meters away. The actual density of the material in the
nucleus (the ball bearing) is incredibly high, typically 240 million metric tons
per cubic centimeter.

Stable nuclei of low atomic mass tend to have about the same number of
protons and neutrons, and those of higher atomic mass have about four and a
half times as many neutrons as protons. Nuclei in which the ratio of neutrons to
protons departs from this value are unstable, and they may undergo a sponta-
neous change in the direction of stability. During this spontaneous change, var-
jous forms of radiation are emitted from the nucleus:

Alpba (o) radiation is the emission of a particle having a mass four times
that of the hydrogen nucleus and consisting of two protons and two
neutrons. An o-particle is identical to the nucleus of the element helium.
Beta (B) radiation consists of very small charged particles, namely, electrons
or positrons (positive electrons).

Gamma (Y) radiation is electromagnetic radiation that is similar in nature to
light or radio waves, except that it has a very short wavelength and is
capable of penetrating through a large thickness of matter.

Neutron radiation is the emission of neutrons. This occurs in a number of
decay processes and can help to start the nuclear fission reaction, as
described below.

The radiation arising from nuclear decay is emitted at very high velocities,
typically 8000 km (or 5000 miles) per second for a, B, and neutron radiation
and the speed of light for 7y radiation. The creation of this kinetic energy results
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in a small decrease in the total mass of the system, as described above. The
emitted particles collide with surrounding atoms, causing them to move and vi-
brate—in other words, increasing their thermal energy. Thus, the decay process
leads to the generation of thermal energy.

For each chemical species, corresponding to a given atomic number, there
are often several possible configurations of the nucleus characterized by differ-
ent numbers of neutrons, the number of protons remaining constant. That is,
several different values of the atomic mass are possible for a given atomic num-
ber. Each value of the atomic mass characterizes an isotope of the element in
question. Individual isotopes are described symbolically by giving the atomic
mass as a superscript before the symbol for the element; thus the most common
isotope of carbon is described as 'C, though small amounts of *C and C exist
in all natural forms of carbon. Similarly, the element uranium exists naturally in
three isotopic forms, namely, 23U, %°U, and 238U,

A number of the isotopes that exist in nature are unstable and are subject to
decay by the process described above. When an isotope decays to another
form through the emission of alpha, beta, or gamma rays, the new form may it-
self be unstable and may also decay. Eventually, a stable form will be reached,
but many stages may have to be gone through before this is achieved. The re-
sulting decay chains can be very long for the elements with atomic mass num-
bers above 200. The decay chain for uranium (*5U) is shown in Figure 1.4.

The decay processes illustrated in Figure 1.4 result in the emission of heat
as the emitted rays are absorbed. These uranium isotopes were present in the
material from which Earth was formed, as were a number of other unstable
radioactive isotopes. An example is potassium-40 (“°K), which decays very
slowly to argon-40 (“°Ar) by emitting beta radiation. Other unstable isotopes
that may have been present are aluminum-26 (*°Al) and palladium-107 (*Pd).
All of these radioactive decay processes led to the release of thermal energy
into Earth’s material. An important parameter governing the rate of release of
thermal energy in this way is the half-l/ife of an unstable isotope, which is the
time required for half the unstable atoms originally present to decay to their
new isotopic form. Thus, after a period corresponding to 1 half-life, half the
original atoms remain; after 2 half-lives, a quarter remain; after 3 half-lives, an
eighth remain; and so on. After 10 half-lives, only 0.1% of the original material
remains. The half-lives of 38U and ?*U are 4500 million and 700 million years,
respectively. The half-life of “K is 1300 million years. Other isotopes that were
originally quite abundant on Earth include 2°Al, which has a half-life of 0.7
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Figure 1.4: Uranium-235 decay chain.

million years, and ’Pd, which has a half-life of 6 million years.

Although the decay of these naturally occurring isotopes is extremely slow, a
very large amount of decay has occurred within the lifetime of Earth (4500 mil-
lion years—comparable to the half-ife of #8U). Heat released by radioactive
decay can escape from Earth only by being conducted to the surface and being
radiated away into space. However, heat loss from the interior of Earth to the
surface is quite small (currently about 30,000 GJ per second).
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1.3 THE EARTH'S ENERGY FLOW

The heat content of the earth represents an energy store of enormous magni-
tude. If the average temperature of the earth was reduced by 0.001°C, energy
equivalent to that available from 130 million million tons of coal would be re-
leased. This is roughly equivalent to 200,000 times the amount of coal mined in
the United States in 1 year. Also for comparison, the total available resources of
energy (from both fossil fuel and fission sources) are estimated to be equivalent
to about 3 million million tons of coal (Armstead, 1978). Tapping this geotber-
mal source of energy might be one way out of our energy difficulties, but great
technological problems and costs are involved.

The temperature of the earth’s core is estimated to be around 4000°C (Gass,
1971), but because of the insulating properties of the earth’s solid crust, heat
leaks from the center of the earth to the outside very slowly—at a rate estimated
by Gass (1971) to be about 0.06 joule per second per square meter of the
earth’s surface. This gives a total heat out-leakage of 800 million million million
(8 x 10%) joules per year, which is equivalent to approximately 20,000 million
tons of coal per year and corresponds to a very small fraction of the total heat
content of the earth.

There has been a tendency for the radioactive (heat-generating) material to
be concentrated in solid form in the earth’s crust, contributing to the net out-
leakage of heat of 8 x 10%°]/yr. The natural outflow of heat from the earth cor-
responds to about 30,000 GJ/s (or gigawatts), which may be compared with the
total worldwide electricity consumption of about 570 GW. Both of these figures
pale in comparison with the amount of energy received from the sun, which is
about 170 million GW. The heat flows to and from the earth are shown in
Figure 1.5 (Doff, 1978).

We thus see that the amounts of energy received from the sun and arising
from the earth’s core grossly dominate in magnitude the energy required to sus-
tain human activities at any conceivable standard of living. The problem is not
one of a shortage of energy but rather one of the economics of utilizing the en-
ergy from their sources. Both geothermal and solar sources are highly dis-
persed, and the capital costs involved in concentrating the sources and tapping
them are enormous. Regarding the capital costs as a direct measure of the
amount of human effort required to exploit energy resources, we see that we
may not be able to meet our ambitions for human development with energy
from these dispersed sources. When we can make use of natural concentrating
mechanisms such as geothermal hot springs (for geothermal energy) or hydro-
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Figure 1.5: Energy flow diagram for the earth. From Dorf (1978).

electric power sources (for solar energy), we should clearly do so. However,
the opportunities are limited and would not allow us to progress at the rate we
desire. Specific problems with solar energy are its diurnal variations and the se-
vere effect of cloud interference, as illustrated in Figure 1.6 (Duffie and
Beckman, 1980).
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The optimum solution, in our view, is to use the best features of all available
energy sources, and we believe that any sensible energy scenario for the earth
must of necessity include one or another form of nuclear energy.

1.4 THE FISSION PROCESS

The release of energy from naturally occurring radioactive isotopes is far too
slow to make them a practical energy source in themselves. However, a much
more rapid release of energy is possible through the process of nuclear fission,
which is illustrated in Figure 1.7. A neutron from a decay process may collide
with a heavy nucleus (e.g., uranium), causing it to split into small nuclei (fission
products) while releasing several more neutrons. These neutrons, in turn, can
cause further uranium atoms to split. For a small piece of uranium this process
will not be self-sustaining, because the neutrons escape from the surface.
However, the bigger the piece of uranium, the greater the chance of the neu-
trons being absorbed, and a self-sustaining sequence (called a chain reaction)
can be set up if a large enough mass (i.e., a critical mass) is available.

The release of energy in the fission process may be illustrated by considering



18 INTRODUCTION TO NUCLEAR POWER

Neutron

: Uranium
: nucleus

Neutrons

Figure 1.7: Diagrammatic view of fission process.



The Earth and Nuclear Power 19

the fission of a U atom, which splits up into barium and krypton atoms and
releases three more neutrons:

235U +n — 1411:‘:’a + 92KI + 31‘1

If we could weigh components in this reaction we would find that those on the
right-hand side of the equation weighed 0.091% less than those on the left-hand
side. Thus, during the reaction, approximately 0.1% of the original mass is con-
verted into energy. This energy appears as kinetic energy of the fission products
and neutrons, which then collide with surrounding atoms and increase their
thermal vibration, that is, release heat. For each kilogram of #8U totally fis-
sioned by the above reaction, 80 million million (8 x 10'3) joules are released.
This is equivalent to the energy available from 3000 tons of coal.

Uranium-235 is described as a fissile isotope; unfortunately, naturally
occurring uranium consists mainly (99.3%) of a nonfissile isotope, 28U. Thus,
only a small part of natural uranium can be burned in the fission process to pro-
duce energy. The proportion of ?*°U in natural uranium is 0.71% by weight, and
thus 1 kg of natural uranium is equivalent in energy potential to about 20 tons
of coal. However, the energy potential of uranium can be increased about 100-
fold by conversion of the nonfissile 23U into another fissile material, namely,
plutonium-239 (3°Pu). We shall return to this below.

The three neutrons emitted in the above fission reaction have an initial
velocity of typically 20,000 km/s (about 6% of the velocity of light). Although
these fast neutrons can interact with other atoms of 23U, their chance of doing
so can be increased by about 1000-fold if their velocity can be reduced, say, to
2km/s. These slower-moving neutrons would have a velocity similar to that
of atoms vibrating due to thermal motions, and hence they are often called
thermal neutrons. Nuclear reactors using the fast neutrons are often termed
Jfast reactors, and those using the slower neutrons are termed thermal reactors.

Fast neutrons are converted into thermal neutrons as a result of a series
of collisions with surrounding atoms. If a fast neutron hits a large atom, it tends to
bounce off and lose only a small amount of its energy. However, if it hits a small
atom such as hydrogen or carbon, it will lose a significant fraction of its kinetic
energy. (An analogy may be made to the motion of balls on a billiard table. If a
ball hits the massive cushion of the table, it bounces off with very little loss of ve-
locity, or kinetic energy. If it hits a stationary ball, it may lose a large proportion
of its kinetic energy, which is transferred to the other ball in the collision.) Thus,
to convert a fast neutron to a slow or thermal neutron requires about 2000 suc-
cessive collisions with uranium atoms but only about 20 collisions with the light-
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est atom, hydrogen. In the collision process the neutrons are sometimes absorbed
without leading to a subsequent fission. Moreover, each successive collision may
lead either to a fission reaction or to the neutron’s combining with the atom with
which it is colliding to make another isotope. Thus, there is an advantage in sur-
rounding the uranium with lighter material that can lead to the conversion of fast
neutrons to thermal neutrons, which can then pass back into the uranium,; this
process is known as moderation, and the light material used is termed a moder-
ator. Moderators used in therrmal reactors have included hydrogen (in the form
of its oxide, water), the hydrogen isotope deuterium (also in the form of its oxide,
heavy water), and carbon (usually in the form of graphite). The best moderator is
heavy water, which absorbs neutrons only weakly. However, heavy water is an
expensive material and it is often preferable to use ordinary (light) water even
though it absorbs neutrons much more strongly.

Because 28U absorbs neutrons, it is not possible to produce a self-sus-
taining chain reaction by simply assembling a large enough mass of natural ura-
nium, which is 99.3% 8U. However, if pieces of natural uranium are distributed
within heavy water or graphite, the neutrons produced in the fission reaction are
converted to thermal neutrons (which, as mentioned above, are 1000 times more
effective than fast neutrons in continuing the chain reaction), and a self-sustaining
chain reaction is possible. This idea was first demonstrated by Enrico Fermi at
Stagg Field, Chicago, on December 2, 1942; Fermi employed pieces of uranium
distributed in a “pile” of graphite. Light water cannot be used to sustain a chain
reaction with natural uranium because of the high absorption of neutrons by hy-
drogen. However, nuclear reactors may be constructed with light water as a mod-
erator provided the concentration of 2°U is increased from 0.71 to about 3%.

As we shall see later, various generic types of nuclear reactors have arisen
from the various possible combinations of fuel and moderator. These can be
classified as follows:

1. Heavy water—-moderated, heavy water—cooled reactors. These are the basis
of the Canadian line of development and are called CANDU reactors.

2. Graphite-moderated, gas-cooled natural uranium reactors. These are the
basis of the British Magnox reactors.

3. Light water-moderated, light water—cooled reactors with fuel enriched in
uranium-235. These are the basis of the U.S. boiling-water reactor (BWR) and
pressurized-water reactor (PWR) development.

The further development of the British system, the advanced gas-cooled re-
actor (AGR), uses graphite as a moderator and a somewhat enriched fuel to
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compensate for the fact that the fuel is contained in stainless steel, which ab-
sorbs a significant fraction of the neutrons.

We shall describe and discuss all the above reactors, and in particular their
cooling problems, in the following chapters. However, before doing so, it may
be interesting to glance back to prehistoric times. The light water—cooled and
—moderated reactors have been around far longer than one might imagine. In
fact, the invention of Enrico Fermi was preempted by nature approximately 2
billion years earlier. In 1972, evidence was found of the dormant remains of a
natural fission reactor located at Oklo, in the West African Republic of Gabon.
This natural reactor operated for a period of hundreds of thousands of years. Its
existence was discovered by an intriguing piece of detective work by French
nuclear scientists.

In May 1972, H. Bouzigues obtained a curious result during a routine analy-
sis of standard samples of uranium ore from Gabon. He found that they con-
tained about 0.4% less 23U than expected. This was not due to an error in his
analysis or to a natural variation. On this planet, at any particular time, the ratio
of Z5U to 38U is fixed; some other explanation had to be found for the discrep-
ancy. A careful investigation carried out by the French Commissariat 4 '’Energie
Atomique (CEA) traced the abnormal ore to one particular location in Oklo. It
was concluded that the deficiency in 25U could be explained only by the oc-
currence of a natural fission reaction at the site. At the time this natural reactor
was operating, the ore was buried deep underground and natural groundwater
served as a moderator and to some extent as a coolant. Such a reactor would
not be possible with the present-day concentration of 25U in naturally occurring
uranium, as we explained above. However, it should be remembered that the
half-life of U is about 700 million years and that of 28U is about 4.5 billion
years. Thus, in prehistoric times, the concentration of U was much higher
than it is today. When the earth was formed some 4.6 billion years ago, the con-
centration of #°U in natural uranium was about 25%, and it had decreased to
about 3% at the time when the Oklo reactor was operating.

It is thought that the natural reactor at Oklo operated under considerable
pressure and temperature and that the rate of reaction was controlled by vari-
ations of the water (moderator) density. Cooling was provided mainly by con-
duction, with some limited circulation by permeation. The power level is
estimated to have been somewhat less than 100 kW and the total energy re-
leased over the period of operation to have been about 4.7 x 10V joules
(15,000 MW-years), representing the fission of about 6 metric tons of 23U.
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This amount of energy is about that released in a modern pressurized-water
reactor in 4 years.

It is possible that a combination of local circumstances may have led to other
naturally occurring reactors. Though the search continues, none has been lo-
cated so far. Such naturally occurring reactors have been impossible for the past
2 billion years because the 2°U concentration has been below the required 3%.
A detailed review of the Oklo reactor phenomenon is given by Cowan (1976).
It is interesting to note that 2 tons of plutonium-239 would have been produced
at the Oklo natural reactor, though the amount that remains is infinitesimal be-
cause of the comparatively short half-life (25,000 years) of ?*Pu. Thus, it cannot
be claimed that plutonium is an entirely human creation.

1.5 THERMAL ENERGY RESOURCES

To put energy production from uranium into context, it is interesting to com-
pare the known recoverable resources and current use of uranium with the re-
coverable resources and current use of fossil fuels (coal, oil, and natural gas).
Figures provided from the 1992 World Energy Congress in Madrid are shown in
Tables 1.1 to 1.3.

The estimated total fossil fuel resources (Table 1.2) are 209 x 10! joules,
of which 40.3 x 10?! joules are estimated to be recoverable.

Table 1.1  Proven Fossil Fuel Reserves and Production Rates

ESTIMATED PROVEN RESERVES IN Life at
Estimated Current
Production to Production

Fuel Gtoe’ 10y Date in Gtoe* Rate in Years
Coal (excluding 496 235 n/a 197
lignite)

Lignite 110 5.2 n/a 293

Qil 137 65 86 40
Natural gas 108 5.1 40 56

Source: WEC 1992 Survey of Energy Resources.

“1 Gtoe = energy equivalent to 10** tons of oil.
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Table 1.2 ¢ Ultimately Recoverable Fossil Fuel Resources

ULTIMATE RESOURCES IN

Fuel Gtoe 10%) Percent
Coal and lignite 3400 161.6 76
Conventional oil 200 9.5 5
Unconventional oil

Heavy crude 75 36 2

Natural bitumen 70 33 2

Oil shale 450 21.4 10
Natural gas 220 10.4 5
Total (approx.) 4400 209.1 100

Sources:WEC 1992 Survey of Energy Resources;WEC 1989 World Energy Horizons 2000-2020;C.D. Masters
et al., World Resources of Crude Oil and Natural Gas, 13thWorld Petroleum Congress, 1991; C.D. Masters et
al., World Reserves of Crude Ofl, Natural Bitumen and Shale Otls, 12th World Petroleumn Congress, 1987.

Table 1.3 ¢ Uranium Resources

Energy content Life at Energy
Amount, in Thermal Current Content in

Source M Tons Reactors, 10*J Production, Years Fast Reactor, 10)
“Known” 3.12 1.37 76 68.5
uranium
resources
Speculative 8-13 3.5-5.7 — 175 -285
resources
Extraction 4000 1760 — 88,000
from
seawater

Sources: OECD/IAEA “Red Book,” 1991; UKAFA, 1976.

Uranium resources can be similarly estimated, and the results are presented
in Table 1.3.

The estimated “known” uranium resources are equivalent to 1.4 x 10%! joules
if used in thermal reactors and 70 x 10# joules if used in fast reactors (the dif-
ference between these values is explained in Chapter 2). Taking account of
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speculative resources, the energy content for utilization in fast reactors is esti-
mated to be between 175 and 285 x 10 joules. Uranium resources would be
greatly increased by extracting uranium from seawater, in which it occurs at a
concentration of 3 parts per billion. This extraction is not likely to be economi-
cally feasible in the foreseeable future, however.

Because “known” reserves will last only 76 years at present usage rates, it is
important to utilize the uranium resources more efficiently than by simply burn-
ing them in thermal reactors. Efficient utilization of these resources can be ob-
tained by using fast reactors. An alternative approach might be to use thermal
reactors in which the excess neutrons are employed to convert thorium (placed
in the reactor core) to an alternative fissile material, uranium-233. While such re-
actors can be made self-sustaining (i.e., they can produce as much fissile material
as they consume), they cannot be designed to breed efficiently, i.e., produce
enough excess fissile material to start a new reactor within a reasonable time.

Primary energy usage from 1960 to 1990 and estimated up to 2100 is given in
Table 1.4 in Gtoe/year. It will be seen that nuclear power currently provides just

Table 1.4 ¢ érimary Energy Usage (in gigatonne of oil equivalent per annum)

Fuel 1960 1990 2020 (est.) 2050 (est.) 2100 (est.)
Coal 14 23 2-5

Oil 1.0 28 3-4.6 8.7-15.6 3-17
Natural gas 0.4 1.7 25-3.6

Nuclear — 0.4 0.7-1 1.2-3.8 2.2-12
Large hydro 0.15 05 0.7-1

Traditional 0.5 0.9 1.1-13 3-4 8-10
“New” renewables — 0.2 0.6-1.3

Total (Gtoe) 33 8.8 11-17 15-27 20-42

over 5% of world primary energy demand and this is predicted to grow to be-
tween 8% and 30% by 2100.
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EXAMPLES AND PROBLEMS

1 Chemical energy release

Example. Liquid within a chemical reaction vessel releases chemical energy at the rate
of 1.5 kW. The stirrer requires a further power input of 1 kW. If the vessel is cooled by
water flowing in a jacket surrounding the vessel, what must the water flow rate be to
limit the temperature rise across the jacket to 10°C?

Solution: The energy gained by the cooling water must equal that liberated by the
chemical reaction and the heat put in by the stirrer. Let W be the water flow rate in
kilograms per second. The specific heat of water is 4187 kJ/kg°C. Therefore,

W x10x 4187 =1500+1000] /s
W =0.06kg /s

Problem: For the chemical reaction described in the above example, calculate the rise
in cooling-water temperature that will occur if the flow rate of water in the cooling
jacket is set at 0.1 kg/s.

2 Pumped storage scheme

Example: A massive pumped storage scheme in North Wales has an upper reservoir
containing 6.7 million m? of water 500 m above the lower reservoir. The scheme can
supply 1800 MW(e) to the electricity grid. Assuming there are no losses, how long can
the plant remain in operation at maximum output?

Solution: The total mass of water in the upper reservoir is the volume of water (6.7 x 10
m?3) multiplied by the density of water (100 kg/m3), or 6.7 x 10° kg. The total potential en-
ergy is this mass times the head (in meters) times the acceleration due to gravity, or
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Total potential energy = 6.7 x10° X500 x 9.81

=32.8x%x10"7]
The power output is 1800 MW(e) =1.8x10°
=1.8x10°J/s

Therefore, the plant can remain in operation for

32.8x10"
1.8x10°
=5h

=18.2x10%s

Problem: Suppose that the scheme described in the example is to be extended to sup-
ply 2000 MW/(e) for a period of 7 h. Assuming a conversion efficiency of 95%, calculate
the volume of the upper reservoir now required.

3 National fast reactor policy
Example : It is sometimes stated that the introduction of the fast reactor allows a coun-
try to be independent of uranium imports. Why does this statement need considerable
qualification? A country has a nuclear power program based on thermal reactors of
10GW by the year 2020. The demand for electric power is growing at 3% per year, and
it is decided to introduce fast reactors capable of breeding sufficient plutonium for a
further fast reactor in 40 years (the doubling time). What are the consequences?
Solution: Let us assume that sufficient plutonium is available from the operation of the
thermal reactors (for about 20 years) to allow 10 GW of fast reactors to be installed in
2020. However, the fast reactor capacity can then increase only at the rate at which plu-
tonium becomes available to provide fuel for further fast reactors. This rate is 1/40 per
year, or 2.5%/yr. Thus the rate at which fast reactors can be installed is /ower than the
electric power demand growth rate (3%/yr). The difference must (presumably) be
made up by installing further thermal reactors, which will éncrease the country’s need
for imported uranium. Even if a fast reactor with a shorter doubling time (say, 30 years)
is available, a finite time will still be needed to replace thermal reactors by fast reactors.
Thus it will take about twice the doubling time, i.e., 60 years, for the country to be free
from uranium imports.
Problem: Suppose the country described in the example decided on an intensive pro-
gram of energy conservation to reduce its growth in demand for electric power to 2%.
How would this reduction affect the scenario for introducing fast reactors?
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How Reactors Work

2.1 INTRODUCTION

In Section 1.4 we briefly introduced the fission process and explained that it
leads to the generation of heat within the nuclear fuel. This heat can be used to
generate electrical energy in a nuclear power station. In this chapter we shall
further explore this heat generation process and discuss the aspects of nuclear
reactor design concerned with removing and utilizing the heat.

2.2 THE FISSION PROCESS

Given enough fissile material, such as #°U, fission leads to the production of a
self-sustaining chain reaction in which the neutrons arising from a given fission
cause other fission reactions, which in turn cause others, and so on. Each fission
reaction produces either two or three neutrons (with an average of about 2.5 neu-
trons per fission). Since only one neutron is required to cause a fission, about 1.5
neutrons are available in excess. In a supercritical system, these neutrons pro-
gressively increase the rate of fission, which is the basis for an atomic bomb. In a
nuclear reactor the excess neutrons are either absorbed or used to produce more
fissile material. Thus, a nuclear reactor has a critical mass of fissile material in
which a state is achieved where, on average, one of the neutrons arising from a
fission causes just one further fission. We thus have a delicate balance from which
a slight deviation would cause the chain reaction either to die away or to acceler-
ate. Fortunately, there are inherent features of the nuclear reaction within nuclear
reactors that prevent the uncontrolled acceleration of the fission process and
allow control of the reactor. We shall return to this matter when we discuss the
component parts of nuclear reactors in Section 2.3.
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Let us look at the chain reaction within a nuclear reactor in a little more de-
tail. Several different processes are occurring. We can categorize them as:

¢ Those immediate processes related to the fission reaction itself—the so-
called prompt processes:

—The fission of the U-235 atom with the formation of two (or more) fission
products and the release of energy and two or three neutrons

—The emission of radiation in the form of B and 7y radiation

e Those processes which effectively “lose” neutrons from the system:

—The absorption of neutrons in the inert U-238 to form a new element, Pu-
239, which in turn can be fissioned by an incident neutron

—The absorption of neutrons in fission products or structural materials: we
call this parasitic absorption

—The leakage of neutrons outside the system; these are “lost” neutrons
absorbed in the surrounding shielding

e Finally, those processes which do not occur immediately—the so-called
delayed processes, these include:

—The emission of delayed neutrons from transmuting fission products
—The release of other radiation (§ and ¥y radiation) from fission products

As we can see, there are various fates for fission neutrons; so what is the
overall balance in an operating reactor?

Figure 2.1 illustrates the fate of fission neutrons in a thermal reactor. Here
100 fissions produce, on average, 259 neutrons. These processes, which effec-
tively “lose” neutrons from the system in parasitic absorption, account for 59
neutrons. The remaining 200 neutrons undergo interactions with the fuel as il-
lustrated. Some lead to further fissions giving a steady state value of 100 fissions
with which to continue the process. The original fuel in the reactor consists of
a small amount of fissile U-235 and a much larger amount of inert U-238. The
U-235 absorbs 78 of the remaining 200 neutrons, producing 63 fissions; the
other 15 neutrons are absorbed to produce nonfissile U-236. The inert U-238
absorbs 63 of the original neutrons, but only 5 of these result in fissions (U-238
can only be split by very high velocity neutrons). As we have seen, the process
of absorption of 58 of the 259 fission neutrons in U-238 gives rise to a new ele-
ment, plutonium-239. This very important process of plutonium production is
actually quite complex. First U-238 is transformed into U-239, which has a 23.5-
min half-life and decays by beta emission to another man-made element, nep-
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Figure 2.1: Creation, reaction, and absorption of neutrons during fission in a ther-
mal reactor.

tunium-239 (NP-239). This in turn decays by beta emission, with a 2.3-day half-
life, to Pu-239. Plutonium is comparatively stable and has a 24,000-year half-life.
In a reactor operating in the steady state, Pu-239 exists in the fuel as a result
of the absorption process described above. It is a fissile isotope and interacts
with the remaining 59 neutrons (out of the original 259) to produce 32 fissions,
the remaining 27 neutrons being absorbed to form higher plutonium isotopes
(Pu-240, Pu-241, etc.).

Thus, in the steady state, about 30% of the energy produced by a thermal nu-
clear reactor is actually being produced by the fission of plutonium.

The neutron events associated with a fast reactor are illustrated in Figure 2.2.
Here, the fast-neutron fissions produce more neutrons than do thermal neutron
fissions, namely, 292 instead of 259. Furthermore, fewer neutrons are lost in the
fission products, the structure, and leakage. The 253 neutrons that are not lost
interact with the fuel, which in a fast reactor consists of a mixture of approxi-
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Figure 2.2: Creation, reaction, and absorption of neutrons during fission in a fast reactor.

mately 20% plutonium and 80% depleted uranium, i.e., natural uranium from
which some of the U-235 has been extracted. The uranium is depleted because
it has either been through a thermal reactor, where the U-235 has been largely
burned, or passed through an enrichment plant, where the U-235 has been
preferentially separated out for utilization in thermal reactors. Thus, the remain-
ing U-235 contributes only 3 of the 100 fissions that take place. The bulk of the
fissions come from plutonium, where 116 of the original 292 neutrons are ab-
sorbed, giving rise to 84 fissions. Uranium-238 absorbs 121 of the original 292
neutrons to produce Pu-239 by the process described above. The remainder of
the original neutrons produce 13 fissions from U-238; this is higher than the
comparable number for a thermal reactor because of the high energy of the
neutrons in a fast reactor.
If we look at Figure 2.2 a little more closely, we see that 116 neutrons interact
with the plutonium and 134 interact with U-238. Of the latter neutrons, 13 produce
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fission of the U-238, leaving 121 atoms of U-238 converted into Pu-239. Thus, Pu-
239 is being created at a greater rate than it is being consumed. The reactor can
therefore be regarded as breeding the fissile material Pu-239. There is a net gain in
fissile material, even taking into account the fission of the small amount of U-235
consumed. This remarkable process, by which the very large amount of available
depleted uranium is consumed, represents a vast energy resource.

In Chapter 1 we stated that each kilogram of U-235 totally fissioned in a re-
actor would release 80 million million (8 x 10'3) joules of thermal energy. This
means that a typical nuclear power station producing 1000 MW of electric
power would burn 3.5 kg of U-235 each day. That is, for each unit of electrical
power produced, we have to produce 3.5 units of thermal energy, the remain-
ing 2.5 units of energy being dissipated into the lukewarm cooling water.

Let us now consider how this 80 million million joules of thermal energy from
the fission of 1 kg of U-235 is distributed. Table 2.1 lists the end products of the
fission reaction and shows the breakdown of the energy released per kilogram
of uranium for steady state reactor operation. The greatest part of the energy is
released in the form of the kinetic energy of the fission products. When a fission
takes place, the fragments fly apart and hit the other molecules of the system, in-
creasing their thermal vibration (i.e., releasing heat). The neutrons and gamma
radiation from the fission process also interact with the surrounding matter, in-
ducing thermal vibrations; this amounts to about 10% of the fission product in-
teraction. Both of these processes occur at the time of the fission reaction and
are therefore called prompt processes. However, the fission products themselves
may be radioactive, and their decay may release further energy; this represents
a delayed release of the energy arising from fission. The fission products emit
beta and gamma radiation, and, associated with the beta radiation, there is a si-
multaneous emission of tiny uncharged particles called neutrinos. As shown in
Table 2.1, the energy carried by the neutrinos is significant, but since these par-
ticles do not interact with matter, this energy is lost to the system. Table 2.1
gives a clue to one of the most important technical questions in the design of
nuclear power plants. The delayed release of heat due to fission product decay
continues after the fission reaction has been closed down. The rate of this heat-
ing falls quite rapidly after the shutdown of the fission reactor, as shown in
Table 2.2. After 1 s, the power has dropped to 6.5% of the steady state value;
after 1 h, down to 1.4%; after 1 year, down to 0.023%; and so on. These power
levels are small compared with the full-power level, but they are quite signifi-
cant in absolute terms. For example, a reactor generating 3400 MW of thermal
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energy will still be producing 217 MW 1 s after shutdown, 47.6 MW 1 h after
shutdown, and 0.78 MW 1 year after shutdown. Thus, it is essential to continue
to cool the reactor after shutdown, and even to cool the fuel when it has been
removed from the reactor. Removal of decay heat is a very important consider-

Table 2.1 e Distribution of Energy from Fission of 1 kg of Uranium-235

Energy (10'2))

Prompt process

fission products 69

fission neutrons 2

v radiation 3

74

Delayed process

B radiation 3

v radiation 3
Other process

neutrinos ‘5‘
Total 85

Table 2.2 ¢ Decay Heat Rates Following Shutdown for a Pressurized Water Reactor

Percent of Steady
Cooling Time Power at Shutdown
ls 65
10s 5.1
100 s 3.2
1000 s 19
1h 14
10h 0.75
100 h = 4.17 days 033
1000 h = 1.39 months 0.11

8760 h = 1 year 0.023
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ation in reactor safety analysis and will be discussed in Chapter 4. The heat re-
leased immediately by the fission reaction and in a delayed fashion from the
decay of the fission products is essentially independent of the temperature of
the fuel. The temperature at which the fuel operates will be such as to drive the
heat into the coolant, the steady state being that in which the rate of heat re-
lease to the coolant is equal to the rate of heat generation within the fuel.

The maximum temperature at which nuclear fuel can operate is governed by
the form of the fuel; for instance, the fuel rods can be made of uranium metal,
which has a relatively low melting point, or uranium oxide, which has a very
high melting point. However, if there is a loss of cooling effectiveness in the re-
actor, these maximum temperatures may be exceeded, and in this unlikely
event the fuel may melt. The consequences of such an event will be discussed
in Chapter 6.

2.3 BASIC COMPONENTS OF A NUCLEAR REACTOR

Figure 2.3 illustrates schematically the principal components of a typical nuclear
fission reactor.

In this typical reactor the coolant (high-pressure CO, in the AGR case chosen
for illustration) at high pressure is driven by the coolant circulator over the fuel
element. In many reactors (including the AGR case illustrated) this consists of
pellets of uranium in oxide form sealed in a can made of stainless steel. The can
(or cladding) ensures retention of the fission products so they cannot enter the
coolant stream. It also prevents the coolant from attacking the fuel, which
would be possible with some combinations.

The fuel elements are embodied in a structure (the reactor core) that allows
them to be surrounded by the moderator. In the AGR case, the fuel assemblies
are stacked in vertical holes (channels) in the massive structure of the graphite
moderator. The whole is contained in a prestressed concrete pressure vessel re-
taining the high-pressure carbon dioxide gas.

The coolant extracts the heat from the fuel elements. In many reactors, this
heat is then used in a boiler or steam generator to convert water to steam. In the
boiling-water reactor (BWR) the steam is generated directly in the reactor core.
The steam is then passed through the turbine that drives the electrical genera-
tor. The very low pressure exhaust steam from the turbine is passed to a con-
denser where it is converted back into water and recirculated to the steam
generator (or to the reactor in the case of the BWR).
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Figure 2.3: Basic components of a fission reactor.

As we saw in Chapter 1, the moderator may be a solid (e.g., graphite) or a
liquid (e.g., heavy water). In light-water reactors, the coolant and moderator are
both ordinary water. If the moderator is different from the coolant, it must either
not react with the coolant or be separated from the coolant by a suitably inter-
vening structure. In the heavy-water reactor, this structure is known as the ca-
landria; it consists of a tank containing the heavy water penetrated by a series
of tubes in which the fuel is mounted and through which the coolant passes.

The remaining main feature of the nuclear reactor core is the means of con-
trolling neutron population, namely, the control rods. These consist of neutron-
absorbing material such as boron or cadmium.

The number of neutrons produced per neutron absorbed is often referred to as
the multiplication factor k. If k is the greater than unity, the neutron population
increases; if k is exactly unity, the neutron population remains the same; and if &
is less than unity, the population decreases. The rate of growth of the neutron
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population depends on the neutron lifetime, i.e., that time between the creation
of a neutron and its interaction with the fissile material to create further neutrons.

Most of the neutrons present in the reactor are the so-called prompt neu-
trons. In thermal reactors they have a lifetime of typically 0.0001 to 0.001 s; in
fast reactors their lifetime is even shorter. If the neutron population consisted of
only these neutrons, it would grow very rapidly as soon as kslightly exceeded
unity, and the reactor would be very difficult to control. This is because the
time between successive generations is very short, and very rapid multiplication
of the neutrons would be inevitable. For instance, for a neutron lifetime of only
0.005 s, the neutron population would increase (for k= 1.005) by over 20 times
in 1/3 s, and this growth clearly could not be controlled easily.

Fortunately, at the steady state not all of the neutrons are of the prompt type;
a small fraction (~0.7%) are of the delayed type, whose lifetime (as defined
above) is typically 0.6 to 80 s. These delayed neutrons arise from the decay of
fission products rather than directly from the fission process itself. Thus, at
steady state only 99.3% of the neutrons are of the prompt type and the popula-
tion is “topped up” by delayed neutrons, whose number is just sufficient to
maintain the steady state, i.e., k= 1.000.

The control system operates essentially on these delayed neutrons, and the
response of the system is such that control rod movements over a time scale of
10-20 s can give adequate control over the chain reaction.

The system is designed so that the k value cannot exceed a critical value
(1.007 for the example cited above) above which the k value for the prompt
neutrons alone is greater than unity. If & were allowed to exceed this value,
rapid growth of the prompt neutron population would occur and the system
would be in what is known as the prompt critical condition. However, the de-
sign of nuclear reactors is such that this condition is avoided.

The nuclear fission process results in intense radiation. The fission products
also contribute substantially to the radiation field, and they continue to emit ra-
diation after the fission reaction is closed down. Thus, it is very important to
provide proper shielding around the reactor core. This shielding takes the form
of a thick concrete biological shield. In the AGR plant illustrated in Figure 2.3
the prestressed concrete pressure vessel doubles as the biological shield.

Where necessary—as it is for water-cooled reactors—further protection is
provided by housing the whole system inside a leak-tight containment building.
We shall discuss the role of this containment building in possible nuclear reac-
tor accidents in Chapters 5 and 6.
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Figure 2.3 gives a generalized view of the components of one type of nu-
clear reactor, and it should be realized that there are many possible permuta-
tions of fuel type, coolant type, cladding, moderator, and steam generator. It
would be tedious to describe every nuclear reactor type that has been built and
practically impossible in any book of reasonable size to describe all those that
have been conceived. Many of the early concepts for nuclear reactors departed
from the format shown in Figure 2.3 in that they proposed to use the fuel in a
fluid form, circulate it through the core, and pass it through heat exchangers ex-
ternally before returning it to the core. The concepts included systems in which
solutions of uranium salts were circulated through the core, slurries of fuel were
made and circulated, or the fuel was circulated in fused-salt form or in solution
in liquid metals. There was a tradition at Harwell* that in the early days it was
possible to invent a reactor system in the bath in the morning and have a pro-
ject by lunchtime. It took some years to realize that reactors that you have just
thought of are simple, cheap, and reliable, whereas those you are actually
working on are always complicated, expensive, and troublesome.

In the remainder of this chapter we shall concentrate on describing some of
the main systems that have been implemented in practice and that form the
basis of the development of nuclear power. These are the British Magnox and
AGR (advanced gas-cooled reactors), the U.S. light-water reactors (BWR and
PWR), the Canadian CANDU reactor, the Russian boiling-water graphite-moder-
ated RBMK-type reactor, and the liquid-metal fast reactor.

2.4 THERMAL REACTORS

Although other coolants have been proposed, nearly all practical thermal power
reactors are cooled with carbon dioxide (Magnox and AGR) or with light water
(BWR and PWR as well as the Russian RBMK type) or heavy water (CANDU). We
shall restrict the descriptions of reactors t these more common systems.

2.4.1 Natural Uranium Graphite-Moderated (Magnox) Reactors

The Magnox reactor is illustrated schematically in Figure 2.4. The coolant is car-
bon dioxide at a pressure of 20 bars (300 psia). The coolant is circulated
through a core that consists of the moderator structure, which is built from

* The Atomic Energy Research Establishment of the U.K. Atomic Energy Authorities, founded in 1946.
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graphite bricks containing holes through which the coolant flows and in which
the fuel elements are placed. Fuel elements consist of natural uranium bars clad
in cans of a magnesium alloy known by the trade name Magnox (hence the
name of the reactor). The alloy does not significantly absorb neutrons, so nat-
ural uranium, rather than enriched uranium, can be used as a fuel A typical
Magnox core would be 14 m in diameter and 8 m high. The coolant gas leaves
the core at 400 °C, flows to the steam generator, and from there flows back
through the gas circulator to the reactor. In the earlier designs of Magnox reactors,
the pressure vessel containing the core was made of steel. In later designs it was
combined with the shielding in the form of a prestressed concrete pressure ves-
sel, which also contained the heat exchangers (in the earlier designs these were
external to the pressure vessel and the shielding as shown in Figure 2.4). Magnox
reactors were constructed in the United Kingdom, France, Italy, and Japan and
have operated very successfully since their construction, which in some cases
was around 35 years ago. The steam cycle efficiency of Magnox reactors is about

a P Basic gas-cooled resctor (MAGNOX)

— T I T T

b A Magnox fuel element

Figure 2.4: (@) Carbon dioxide—cooled, graphite-moderated (Magnox) reactor using
natural metallic uranium fuel; () a Magnox fuel element.
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31%; this means that 69% of the nuclear heat is rejected to atmosphere via the
cooling towers (Section 1.1.3).

A Magnox fuel element is shown in Figure 2.4b. The outside of the Magnox
can is machined in a complex pattern of fins (“herringbone” pattern), which has
been shown by detailed heat transfer experiments to be the optimal form. The
swirl of the gas in the channel and the fins on the surface are an aid to heat trans-
fer. The advantages and disadvantages of various coolants will be discussed in
Chapter 3, where we shall also discuss some basic principles of heat transfer.

Although the Magnox reactor has been remarkably successful and reliable, it
has disadvantages compared with some other reactor types. The principal one
is its relatively low power output per unit volume of core. This leads to a large
size for the core, a large investment in fuel, and high capital costs. Table 2.3
compares various reactors in terms of the average power generation rate per
unit volume of the core (called the average volumetric power density). It also
shows the rate of power generation per tonne of fuel (the average fuel rating)
and the power generation per unit length of fuel (the average linear fuel rat-
ing). Compared with other reactors, the Magnox has a very low volumetric
power density and a very low average fuel rating per unit mass of fuel. Both of
these factors lead to high costs due to the high fuel inventory and large cores.

Table 2.3 ¢ Volumetric Power Densities and Linear Fuel Ratings for Various Reactor Systems

Average  Average Average
Thermal Core Core Core Vol Power Fuel Linear Fuel
Power Diameter Height Volume Density Rating Rating
Type Reactor (MW() (m) (m) (m) MW/m’) (MW/tonne) (kW/m)

Magnox  Calder Hall 225 9.45 6.40 449 0.50 - —

Bradwell 538 12.19 7.82 913 0.59 220 262
Wylfa 1875 17.37 9.14 2166  0.865 315 330
AGR Hinkley B 1500 9.1 83 540 2.78 11.0 169
Hartlepool 1507 93 8.2 557 2.0 115 16.1
HWR CANDU 3425 7.74 5.94 280 12.2 264 279
LWR PWR 3800 3.6 3.81 40 95 388 175
BWR 3800 5.01 3.81 75 51 246 19.0
RBMK Chernobyl 3140 11.8 70 765 4.10 15.4 1431
Fast Phenix 563 1.39 0.85 138 406 149 270

reactor PFR 612 1.47 091 1.61 380 153 27.0
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2.4.2 Advanced Gas-Cooled Reactors

The low volumetric power density and low operating temperatures and pres-
sures of the Magnox stations led to a search in the United Kingdom for an im-
proved design. The resulting advanced gas-cooled reactor (AGR) is illustrated in
Figure 2.5. In common with the Magnox reactor, the AGR uses carbon dioxide
as a coolant, but the coolant pressure in the AGR is 40 bars (600 psia) and the
coolant outlet temperature is 650°C. To achieve these higher temperature and
pressure conditions, it was necessary to make a radical change in the design of
the fuel. The fuel was changed to uranium oxide, mounted in the form of pel-
lets inside thin-walled stainless steel tubes, which had small transverse ribs ma-
chined on the outside (Figure 2.6). These tubes (sealed at each end) were
grouped in bundles of 36 (see Figure 2.6). Since the high temperatures require
the use of a stainless steel can, the can material is a significant absorber of neu-
trons, unlike that in the Magnox reactor, and it is necessary to enrich the ura-
nium in the fuel to about 2.3% %5U (about three times the natural 2°U content).
The AGR design benefited from the Magnox developments, particularly the de-
sign of the gas circulation system. The steam generators were mounted inside
the prestressed concrete vessel, as illustrated in Figure 2.5. Since the CO, reac-
tor coolant is now at a high temperature, the steam generators can be designed
to provide steam under conditions similar to those found in the most efficient
fossil-fuel power plant, i.e., steam at 170 bars and 560°C. This gives the AGR a
considerable advantage. Its steam cycle efficiencies are around 40%, the highest
of any nuclear reactor operational at present.

Referring to Table 2.3, we see that the average volumetric power density of
an AGR is around three times that of the highest-rated Magnox station. The av-
erage fuel rating is also higher, by a factor of approximately 4. This leads to a
more compact, capital-effective design. Nevertheless, a number of technical
problems in the AGR design had to be solved. One was that the carbon dioxide
coolant might react with the graphite moderator under the high temperatures
and radiation fields in the reactor to produce carbon monoxide by the reaction:

CO, +C - 2CO

which would corrode the graphite and reduce its strength. It was found that
precise control of the carbon monoxide and water vapor content, together with
the addition of methane in small concentrations, inhibited this reaction and
minimized the rate of attack on the graphite. However, too high concentrations
of methane and carbon monoxide could lead to carbon formation on the fuel
elements, which would impair the heat transfer by reducing the turbulence
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caused by the ribs. Fortunately, there is a range of methane and carbon monox-
ide concentrations (called the coolant “window”) in which the satisfactory op-
eration is possible without excessive corrosion or deposition.

An alternative design is the so-called high-temperature gas-cooled reactor
(HTGR). The use of helium rather than carbon dioxide overcomes the graphite
oxidation problem. Helium is inert and consequently allows higher coolant tem-
peratures. The uranium fuel is in the form of coated particles. A kernel of low-en-
riched uranium carbide is coated with successive layers of pyrolytically deposited
carbon and impervious silicon carbide (to retain the fission products). Two dis-
tinct lines of reactor development have been pursued. One line is the so-called
pebble-bed reactor, developed in Germany, whose core consists simply of a stack
of graphite spheres in which the coated fuel particles are embedded. A second
line of development, initiated in Europe but carried forward in the United States,
is the prismatic core in which vertical replaceable graphite prisms containing
graphite fuel rods (in which the coated particles are embedded) and coolant pas-
sages make up the core. Typically, core power densities range between 5 and 10
MW/m3 with helium coolant outlet temperatures up to 1000°C. A number of pro-
totype HTGR plants have been built to demonstrate both the pebble-bed and
the prismatic-core concepts, although no commercial power plant is currently

in operation.

2.4.3 Pressurized-Water Reactors

By far the most common civilian reactor is the pressurized-water reactor (PWR).
Reactors of this type were originally developed to drive nuclear submarines. The
PWR circuit is illustrated schematically in Figure 2.7. Water at typically 150 bars
(2200 psia) is pumped into a pressure vessel, which contains the reactor core.
The water passes downward through an annulus between the reactor core and
the pressure vessel and then flows up over the fuel elements. It then leaves
through a series of pipes, which pass to the stream generator. The light-water
coolant also acts as the moderator for this reactor. The absorption of neutrons by
the light water (as described in Chapter 1) necessitates a significant enrichment of
the fuel to 3.2% 25U (~4.5 times the concentration in natural uranium).

In the steam generator, the hot water from the reactor passes through verti-
cal U-tubes (Figure 2.9), and water at lower pressure is fed into the steam gen-
erator shell and contacts the outside of the U-tubes. Steam is generated at
approximately 70 bars (1000 psia) and passes from the steam generator into the
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turbine and from there to the condenser, the condensate being returned to the
steam generator via feed preheaters. Figure 2.7 illustrates one complete coolant
loop; PWRs typically have two, three, or four such loops per reactor vessel. A
typical four-loop PWR is illustrated in Figure 2.8. The fuel elements in a PWR
are illustrated in Figure 2.9; the fuel is in the form of uranium oxide pellets
mounted in a 12-ft-long tube made of a zirconium alloy (Zircaloy). The tubes
are usually mounted in separate bundles of 17 rows of 17 tubes, with some pins
omitted to allow passage of control rods into the core.

In 1993 there were 243 operating civilian PWR power reactors in the world
and 33 under construction. Although the steam cycle efficiency of a PWR is rel-
atively low (32%), its capital cost may be considerably less than that of an AGR.
The main reason for this is the great reduction in core size made possible by the
enormous increase in volumetric power density and core rating, as shown in
Table 2.3. Another factor contributing to the low capital cost is the fact that
much of the PWR can be constructed off-site under factory conditions.

Because of the high rate of heat generated per unit mass of fuel (fuel rating),
the response of a PWR to changes in operating conditions is much more rapid
than that of an AGR. It has been argued that this is a negative safety factor. Even
when the reactor is shut down, the level of decay heat is such that the fuel must
always be kept covered with water. We shall discuss these safety features in
Chapters 5 and 6. Pressurized-water reactors have experienced problems with
steam generators, which have failed due to corrosion on the secondary (steam-
generating) side. Reactors are often more susceptible to problems outside the
core than in it. Although it is now believed that design improvements can pre-
vent these corrosion problems, most existing reactors are still prone to them.
This is not a major safety issue, but it does limit their performance.

2.4.4 Boiling-Water Reactors

The boiling-water reactor (BWR) differs from the PWR in that it generates steam
directly within the core and does not have a separate steam generator. The sys-
tem is illustrated in Figure 2.10a. Water at a pressure of about 70 bars (1000
psia) is passed through the core, and about 10% of it is converted to steam. The
steam is then separated in the region above the core, the water being returned
to the bottom of the core via the circulation pump and the steam passing from
the top of the vessel to the steam turbine. The steam from the turbine is passed
through a condenser, and the condensate is returned to the reactor vessel as
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shown in Figure 2.10a. The core power densities in a BWR are about half those
in a PWR (though still much higher than those in gas reactors). The fuel ele-
ments consist of 12-ft-long bundles of Zircaloy-canned UO, pellet fuel with an
enrichment similar to that in PWR. Each bundle of fuel is contained within a
square channel constructed of Zircaloy, as illustrated in Figure 2.106.

The advantage of the BWR is the elimination of the steam generator, which
has been one of the most troublesome features of the PWR. However, in the
PWR the coolant passing through the reactor is contained within the
reactor/steam generator/circulator circuit. In the BWR the coolant also passes
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Figure 2.10: (a) Light water—moderated and —cooled boiling-water reactor (BWR); the
fuel is enriched uranium oxide; (b) fuel bundle contained within Zircaloy channel.
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through the steam turbine and the condenser. Corrosion products and in-leak-
age from the turbine and condenser are passed to the reactor, where they may
be activated by the reactor neutrons to produce radioactive isotopes, which cir-
culate around the system. Also entering the coolant stream are small amounts of
radioactive substances leaking from damaged fuel elements, including the rare
gases xenon and krypton. These find their way into the inert gas removal sys-
tem in the condenser. Thus, the reactor must be operated with many of the ex-
ternal components maintained under radioactive conditions, which is not the
case with the PWR. Consequently, BWRs give somewhat higher (though care-
fully limited) radiation doses to their operators. Another problem with existing
BWRs has been cracking of the stainless steel pipework due to corrosion under
the highly stressed conditions. This is similar to the steam generator problems
in PWRs in that it can be cured by using a different design approach (i.e., using
stress corrosion—resistant material), but many existing plants will continue to be
susceptible to it.

2.4.5 Natural Uranium Heavy Water-Moderated
and —Cooled Reactors

As discussed above, the U.S.-designed PWR and BWR reactors require consid-
erable enrichment of the uranium in order to overcome the relatively high ab-
sorption of neutrons by the light-water coolant. This disadvantage can be
overcome by using heavy water as a moderator and either heavy water or boil-
ing light water as the coolant. If heavy water itself is used as the coolant, it is
possible to operate with natural uranium. This is the principle adopted in the
Canadian-designed CANDU (Canadian deuterium-uranium) reactors, which are
illustrated in Figure 2.11.

CANDU reactors dispense with the massive thick-walled pressure vessel
used in PWRs and BWRs; instead, the fuel elements are placed in horizontal
pressure tubes constructed from zirconium alloy. These pressure tubes pass
through a calandria filled with heavy water at low pressure and temperature. In
the CANDU reactor, heavy-water coolant is also passed over the fuel elements
at a pressure of approximately 90 bars (1400 psia). It then passes to a steam
generator, which is very similar to that used in the PWR (see Figure 2.7). It
should be noted that CANDU reactors have not experienced the same steam
generator problems as the PWRs, possibly because of the lower operating tem-
perature on the primary side. The fuel elements consist of bundles of natural
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Figure 2.11: (a) Heavy water—-moderated and —cooled CANDU reactor; the fuel is
natural uranium oxide; (b) end and side views of a horizontal pressure tube.

UO, pellets clad in zirconium alloy cans; individual bundles are about 50 cm
long, and about 12 such bundles are placed in each pressure tube. The average
volumetric power density in a CANDU core is approximately one-tenth that in
a PWR (since the moderator volume is taken into account in calculating the av-
erage volumetric power density) and nearly four times that in an AGR.
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However, the fuel rating is comparable to that in a PWR. Furthermore, the fuel
is very much cheaper since natural uranium can be used. Although the CANDU
has operated with remarkable success, difficulties have been experienced with
hydriding of the zirconium alloy pressure tubes, necessitating their replacement
in some cases. Even though it has a lower fuel cost, CANDU needs considerable
amounts of expensive heavy water, which makes its capital cost high.

2.4.6 Boiling-Water, Graphite-Moderated Direct-
Cycle Reactor (RBMK)

The RBMK reactor is a direct-cycle boiling-water pressure tube, graphite-mod-
erated reactor developed from Russia’s first nuclear power plant, commissioned
in 1954. The concept is unique to the former Soviet Union, and it was this type
of reactor that was involved in the very serious nuclear accident at Chernobyl in
the Ukraine in April 1986. This accident is described in Chapter 5. To aid this
later description, the RBMK is covered in rather more detail than the other re-
actor concepts.

Figures 2.12 and 2.13 show the main elements of the reactor. The reactor
core is 12 m (40 ft) in diameter and 7 m (23 ft) high, and is built up from
graphite blocks (A in Figure 2.13) penetrated by vertical channels (B) and con-
taining a zirconium alloy (Ar + 2.5% Nb) pressure tube 88 mm (3.5 in) in inter-
nal diameter and 4 mm thick. For a 1000-MW(e) reactor there are 1663
channels. Each channel contains two fuel assemblies each 3640 mm (12 ft)
long, held together by a central tie rod suspended from a plug at the top of the
channel.

The fuel assemblies consist of 18 pin clusters, each pin in the form of en-
riched (2%) uranium dioxide pellets encased in zirconium alloy tubing (13.6
mm in outside diameter. x 0.825 mm thick). The maximum power of any chan-
nel is 3.25 MW (thermal).

The fuel is cooled by boiling light water at 70-bar (1000-psia) pressure. The
water enters the channel at 270°C, and the “quality” (fraction of the total mass
flow that is steam) of the existing steam-water mixture is on average 14% (20%
maximum).

Two separate identical coolant loops are provided. Each loop consists of two
steam drums (C) (to which the riser pipes from the fuel channels carry the
steam-water mixture) and four primary circulating pumps (D) (three are nor-
mally operational and one standby).
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nels; C, Steam drums; D, Circulating pumps; E, Turbine generators; F, Feed pumps;
G, Absorber rods; H, Refueling machine; I, Circulating pump compartment; J,
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The dry steam from the steam drums passes to one of two 3000-rpm 500-
MW(e) turbine generators (E). The very low pressure steam leaving the con-
densers is condensed in tubular condensers, and the condensate is returned to
the steam drums via purifying systems and electrically driven feed pumps (F).

About 5% of the energy of the fission is dissipated in the graphite structure as
a result of the slowing down of neutrons and of gamma heating. This heat is
transferred to the fuel channels by conduction and radiation via a series of “pis-
ton ring"-type graphite rings that permit good thermal contact between the
pressure tube and the graphite blocks while also permitting small dimensional
changes. The maximum temperature of the graphite is 700°C. To improve the
thermal contact and to prevent graphite oxidation, the graphite structure is en-
closed in a thin-walled steel jacket through which a gas (helium-nitrogen mix-
ture) is slowly circulated.

Perhaps the most important characteristic of the RBMK reactor is that, as
originally designed, it has a positive void coefficient. This can be explained in
simple terms by recognizing that if the power from the fuel increases or the
flow of water decreases (or both), the amount of steam in the fuel channel in-
creases and the density of the coolant decreases.

The term positive void coefficient is reactor physicist’s jargon for the fact that
reducing coolant density results in an increase in neutron population (light
water is a strong absorber of neutrons) and hence in an increase of reactor
power. However, as the power increases so too does the fuel temperature, and
this has the effect of reducing the neutron population (negative fuel coefficiens).
The net effect of the positive void coefficient and the negative fuel coefficient
clearly depends on the power level.

At normal full-power operating conditions the fuel temperature coefficient
dominates and the net effect, termed the power cogfficient, is negative.
However, below about 20% of full power because of the lower fuel tempera-
tures the power coefficient becomes positive. For this reason restrictions were
placed on operation below 20% power.

As we shall see in Chapter 5, this fundamental design shortcoming was the
critical factor of the accident at Chernobyl.

In short, at lower power an increase in power or a reduction of flow leads to
increased boiling and further increases in power and hence to the potential for
an unstable situation. As a result, RBMK requires a complex, rapidly responding
control system to cope with this positive feedback.

Channels for the control and shutdown rods and for the in-core flux instru-
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mentation pass through vertical holes in the graphite blocks. Radial flux moni-
tors are provided in over 100 channels, and axial flux profiles are monitored in
12 channels.

The system for reactor control and protection uses 211 solid absorber rods
(G in Figure 2.13). The rods are divided functionally as follows (Figure 2.14):

e 163 manually operated rods of which 139 are control rods (RR) for radial
power shaping and 24 are dedicated to emergency protection (AZ).

e 12 rods for automatic regulation of average power (3 groups of designated
AR1, AR2, and AR3, respectively).

e 12 rods for automatic regulation of local power (LAR).
e 24 shorted absorber rods (USP) for axial flux profling.

The manual control rods (RR), the automatically operated rods (AR), and the
emergency shutdown rods (AZ) are distributed uniformly throughout the core
in six groups of 30-36 rods. The control system includes subsystems for local
automatic control (LAR) and local emergency protection (LAZ). All rods except
the shortened absorber rods are withdrawn and inserted from above.
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Figure 2.14: Diagram of the different control rods, “followers,” and fuel assembly
for the RBMK: 1, Shortened absorber rod; 2, Automatic control rod; 3, Fuel assembly;
4, Manual control rod and emergency shutdown rod. ° followers ¢ absorbers
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The emergency shutoff rods are motor-driven at a speed of insertion of 0.4
m/s. Full insertion takes 15-20 seconds. The shorter absorber rods are intro-
duced from below the core. The control rod channels are the same diameter as
the fuel channels (88 mm) and are cooled by a separate water circuit. At the
end of each rod are a number of articulated elements that do not contain neu-
tron-absorbing material. As the rod is withdrawn these “followers” prevent
water from occupying the space vacated by the absorber.

The control system is arranged to operate over the following power ranges:

1. From subcritical to 0.5% power, manual operation was used.

2. From 0.5% to 10% power, automatic regulation of overall power was performed
using one of the sets of four rods designated for this purpose (i.e., AR3).

3. From 10% to 100% of the working range, overall automatic regulation was
carried out using control rod groups AR1 and AR2.

4. From 10% to 100% power, local automatic regulation (LAR) was also invoked.

The reactor is “tripped” (i.e., switched off completely) only for a specific
number of faults, e.g., loss of off-site (station) power, both turbines tripped, loss
of three main circulating pumps, 50% loss of feed water, low steam drum water
level, and high neutron flux.

For all other faults the reactor power is set back to some lower level consis-
tent with the fault’s consequence for the reactor (e.g., on loss of one circulating
pump to 80% full power, trip of single turbine to 50% full power).

The RBMK reactors are designed to be refueled at full load, and Figure 2.13
shows the refueling machine (H) operating from the gantry running the length
of the charge hall.

The primary coolant system is housed in a series of compartments that act as
the containment in the event of an accident. Separate compartments house the
primary circulation pumps (@), the coolant inlet headers and distribution
pipework (J), and the reactor vault.

Each compartment is designed to withstand a pressure of 4.5 bars and is
equipped with sealed electrical and mechanical penetrations and isolation valves
on piping. The compartments are connected to one another and to a surface con-
denser tunnel (K in Figure 2.13) as well as to two pools of water (“pressure sup-
pression pools,” L) to condense the escaping steam and lower the pressure.

The steam drums (C) are housed in separate compartments on either side of
the charge hall, but these are not pressure-tight compartments because of the
large number of joints in the charge hall floor needed for refueling that provide
a leak path between the steam drum compartments and the charge hall.
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The RBMK reactor is equipped with an emergency core cooling system (M)
that feeds both coolant and consists of

1. a fast-acting flooding system that automatically injects cold water into the
damaged part of the reactor from two sets of gas-pressurized tanks holding
enough water to cool the core for the first 3 minutes of a major loss of
coolant accident. This system is supported with flow from the main feed
pumps.

2. an active system of three pumps taking water from the condensate system
after the pressurized tanks have emptied. These pumps are driven by three
standby diesel generators that can be started within 2-3 minutes.

3. an active recirculating cooling system that consists of six pumps drawing
water from the upper suppression pool through heat exchangers feeding the
damaged part of the reactor and also driven by the diesels.

The emergency core cooling system is triggered by the coincidence of a high-
pressure signal from any of the containment compartments and a low-level sig-
nal from the steam drums.

As a consequence of the accident at Chernobyl a number of modifications
have been carried out on other RBMK units. The control rod design has been
improved and the rate at which the rods can be inserted into the core has been
increased. Automatic shutdown systems have been fitted to prevent the reactor
from being operated continuously below 20% full power. The problem of the
positive void coefficient has been reduced by fitting fixed neutron absorbers.
The main influence of this measure is to alter the balance between absorption
of neutrons in fixed absorbers and the variable absorption in the steam-water
coolant. To compensate for these measures the enrichment of the fuel has been
increased from 2.0% to 2.4% U-235.

2.5 FAST REACTORS
2.5.1. Liquid Metal-Cooled Fast Breeder Reactors

The most prevalent design for a fast reactor system is that employing sodium as
the coolant. The advantages of liquid sodium in cooling reactors are discussed
in Chapter 3. Briefly, sodium is an excellent heat transfer agent and can cope
with the very high volumetric power densities encountered in reactors of this
type (typically five times those of a PWR; see Table 2.3). The sodium-cooled
fast reactor, which Is illustrated schematically in Figure 2.15, consists of a pool
of sodium contained in a primary vessel in which the core is submerged.
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Sodium is pumped through the core (the pumps being submerged in the
sodium pool, as illustrated). The hot sodium then passes through an intermedi-
ate heat exchanger, where heat is transferred from the primary coolant to a sec-
ondary sodium stream; the secondary stream passes through the steam
generator, where steam is raised for electricity generation. In contrast to the
AGR and PWR, this reactor has three heat transfer stages: from the fuel elements
to the primary sodium coolant, between the primary sodium coolant and a sec-
ondary coolant, and between this secondary coolant and evaporating water in
the steam generator. This somewhat complex system ensures that the primary
coolant stays in the primary vessel and that any radioactive substances in the
primary vessel are not transferred to the steam generator, where the potential
exists for a chemical interaction between the sodium and the water (due to
minute leakages).

Since the reactor utilizes fast neutrons, there is no moderator. The layout of
the UK. 250-MW (electrical) prototype sodium-cooled fast reactor (PFR) is shown
in Figure 2.16. A similar prototype (Phenix) has been operated in France.

A much larger commercial-sized [1200-MW(e)] fast reactor, Superphenix, has
been built in France and was commissioned in 1986. European utilities, design
and construction companies, and research and development organizations have
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Figure 2.15: Schematic diagram of the sodium-cooled fast reactor.
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collaborated on an advanced design known as the European fast reactor (EFR)
with an electrical output of 1450 MW(e). The layout of the proposed EFR is il-
lustrated in Figure 2.17. The fuel is in the form of pellets of mixed plutonium
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Figure 2.16: The UK. 250-MW(e) prototype fast reactor at Dounreay, Scotland.
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and uranium oxides (20-25% Pu O,) clad in austenitic or nimonic alloy steel
tubes as illustrated in Figure 2.18. Each fuel element consists of 331 pins, each
8.2 mm in diameter with an active core length of about 1 m. The core power
density is about 5 times that in a PWR and 1000 times that in a Magnox reactor.

Sodium-cooled fast reactors have been operated in the United Kingdom, the
United States, France, the former Soviet Union, and Japan. In recent years, the
commercial development of fast reactors has slowed down. Problems have
been encountered in the steam generators in fast reactors, where it has not al-
ways been possible to meet the requirement for complete watertightness of the
tubes. However, the sodium-cooled fast reactor has some inherent safety fea-
tures that may make it very attractive, despite its very high power density. We
shall discuss these in Chapters 5 and 6.
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Figure 2.17: Proposed design for the European fast reactor.
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EXAMPLES AND PROBLEMS

1 Power increase following increase in reactivity
Example: A sudden increase in reactivity of a water reactor 1% beyond prompt criti-
cality occurs. The neutron lifetime is 104 s. What is the increase in reactor power after
1/100 s? What processes are available to terminate the transient?
Solution: The reactor power increased by a factor of 1.01!® = 2.7 in 0.01 s. If such a re-
activity increase is to be terminated before melting of the fuel occurs, then steam bub-
bles must appear within a few hundredths of a second to expel the moderator and
terminate the fission reaction.
Problem: What increase in reactivity would be required to increase the power of a
water reactor by a factor of 2 in 001 s, assuming a neutron lifetime of 10s?

2 Decay beat removal
Example: A 4000-MW(t) PWR has been taken out of service. Use the data given in
Table 2.2 to estimate the rate of decay heat generation after 1000 h and 1 year from
shutdown.
Solution: From Table 2.2 we see that after 1000 h the decay heat rate is 0.11% of the
full-power rate. Thus the decay heat generation rate after 1000 h is

4000x%0.11
100

=4.4MW

Similarly, after 1 year, 0.023% of full power is emitted as decay heat, giving the follow-
ing value for decay heat generation:

4000x 0.023
100

-=0.92MW

Problem: Assume that the shut-down reactor in the example is cooled by residual heat
removal (RHR) water at 20°C. Calculate the RHR water flows required after 1000 h and
1 year if the rise in water temperature is to be restricted to 20°C.

3 Fuel investment in thermal reactors
Example: Using the data in Table 2.3, estimate the investment of enriched fuel that
would be required for a 10-GW(e) program of AGRs and PWRs, respectively.
Solution: With a figure of 11 MW(t)/tonne and a thermodynamic efficiency of 40%, the
fuel required for the AGR program would be

10x10°

=227.3 tonne
11x0.4

Similarly, assuming a thermodynamic efficiency of 32%, the fuel required for the PWR
program would be

10x10°

————— =80.5tonne
38.8x0.32
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Problem: Assuming that the alternative programs were for 1000-MW(e) reactors, use
the data from Table 2.3 to estimate the core volumes required for the AGR and PWR re-
actor choices, respectively. Calculate the diameters of equivalent spheres required to
contain these respective volumes.
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Cooling Reactors

3.1 INTRODUCTION

As we saw in Chapter 2, a variety of liquids and gases have been used to cool
nuclear reactors. The present chapter introduces some of the desired general
features of a reactor coolant and discusses the actual processes of heat transfer
from the fuel elements to the primary coolants and from the primary coolants to
the steam generation system. It also reviews the various types of coolant
(gaseous, liquid, and boiling) and concludes by giving some examples of the
engineering features of cooling circuits used in various types of reactor.

3.2 GENERAL FEATURES OF A REACTOR COOLANT

The general features that make a particular fluid (gas or liquid) attractive as a re-
actor coolant are as follows.

1. High specific beat. Suppose we have a nuclear reactor that is generating heat
at a rate of Q watts. Coolant at a flow rate W (kilograms per second) is
passed to the reactor, entering the core at temperature 7, and leaving the
core at temperature T, . From the first law of thermodynamics (see Section
1.1.1), these quantities are related by the equation Q = WCP (T, — T.),where
C, is the specific beat or specific beat capacity of the fluid. The specific heat
is the amount of heat required to heat 1 kg of a substance by 1 K (1°C) and
thus has the units joules per kilogram per kelvin. In designing reactors it is
important to prevent excessive temperatures within the core, in order to
avoid damaging the fuel and the core construction materials. The above
equation indicates that this can be accomplished in two ways for a given
inlet temperature of the coolant. First, the flow rate Wcan be so high that the
outlet temperature is not too much higher than the inlet temperature, irre-
spective of the value of C. Second, a fluid can be chosen that has a high
value of Cy which will also limit the outlet temperature. Of course, the out-
let temperatures cannot be too low, or the reactor will not be able to gener-
ate steam efficiently, as explained in Chapter 1. Also, with high flow rates
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significant amounts of power are needed to pump the coolant, and this is
power that is not available as electricity to the customer.

A special case is that in which the coolant is in the form of a boiling liquid.
Here, heat can be absorbed by the coolant at its boiling point with no
change in temperature and can be used to convert the liquid into vapor. The
amount of heat required to convert one unit mass of liquid to vapor is called
the latent beat of vaporization (joules per kilogram). The boiling-fluid
coolant is often also used as the working fluid in the turbine (e.g., steam
generated from a boiling-water coolant in a reactor is used in a steam tur-
bine). For the reasons discussed in Chapter 1, the higher the boiling point of
the fluid the higher the thermodynamic efficiency. Since boiling point in-
creases with pressure, the boiling-coolant system should be operated at the
highest practicable pressure. However, the higher the pressure, the more ex-
pensive the system, and there is a trade-off between increased capital cost
and increased thermodynamic efficiency.

. Higb rates of beat transfer. The rate at which heat can be transferred from the
fuel elements to the coolant is determined by a number of factors, which are
discussed in more detail in Section 3.3. One of the parameters is the thermal
conductivity of the fluid, which is the constant of proportionality between
the rate at which heat is transferred through a static volume of fluid and the
temperature gradient, i.e., the rate at which temperature is changing per unit
length. Liquid metal coolants have high thermal conductivity, whereas
gaseous coolants have relatively low thermal conductivity.

. Good nuclear properties. For all reactors, it is important that the coolants
should have low neutron absorption. As explained in Chapter 2, any neutron
absorption by the coolant and structure reduces the number of neutrons
available for the fission reaction. The neutrons should not react appreciably
with the coolant to form radioactive isotopes. Excess radioactivity in the cir-
culating system increases operational difficulties, as mentioned in Chapter 2.
If the coolant is also acting as the moderator, good moderation properties are
required (the processes of moderation were explained in Chapter 1). In fast
reactors, of course, it is important that the coolant not moderate the neu-
trons, since unmoderated (fast) neutrons are required in the reaction.
Well-defined phase state. 1t is preferable for the coolant to have the same
phase state (i.e., liquids remain as liquids and gases remain as gases) during
both normal and accident conditions. To achieve this in the case of liquids, a
high boiling point is desirable to avoid changes of phase if the liquid is over-
heated. A high boiling point also has the advantage of minimizing the pres-
sure required to operate at a certain temperature level and of achieving high
thermodynamic efficiency.

. Cost and availability. Since the inventory of coolant in typical reactor sys-

tems is quite high (hundreds of tons), it is important that the cost be mini-
mized. Also, coolants may leak from reactor circuits. and this can be a
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significant cost in some cases. The ideal coolant should also be freely avail-
able in a sufficiently pure form for use in the reactor circuit.

6. Compatibility. It is obviously axiomatic that the coolant should be compati-
ble with the reactor circuit and not corrode it, even under the conditions of
high radiation flux that occur in the core.

7. Ease of pumping. Fluids of low viscosity require much less pumping power
to circulate them around the reactor circuit than do fluids of high viscosity.
The viscosity of a fluid is related to its temperature, that of liquids decreasing
with increasing temperature and that of gases increasing with increasing
temperature. The viscosity of a fluid is indicated by the symbol L.

No practical fluid meets all of these requirements. All known coolants have
one or more disadvantages. The thermodynamic and heat transfer characteris-
tics of a coolant can be compared conveniently by using a parameter called the
Jfigure of merit, which derives from the heat transfer processes and the associ-
ated pumping power required. The figure of merit Fis defined as

where C, is the specific heat, @ the fluid density (kilograms per cubic meter),
and W the viscosity. The rather peculiar-looking powers appearing in this equa-
tion result from the empirical correlations used to predict the pumping power
and the heat transfer rates.

There are relatively few practical choices for reactor coolants. The ones
mainly used are listed in Table 3.1, which shows their density, viscosity, specific
heat, thermal conductivity, and figure of merit value. In terms of figure of merit,
ordinary water is outstanding. However, it has three main disadvantages: its low
boiling point, which requires operation at high pressure in order to reach even
moderate thermodynamic efficiencies; its neutron absorption; and its corrosion
properties. The latter two disadvantages require enrichment of the fuel and spe-
cial containment materials, respectively.

3.3 PRINCIPLES OF HEAT TRANSFER

In discussing heat transfer processes, it is usual to define a beat flux 4 from a
surface, which is the rate of heat flow per unit surface area per unit time and
has units joules per square meter per second or watts per square meter (a watt
is a joule per second). The heat flux is commonly related to the temperature dif-



Table 3.1 Physical Properties of Reactor Coolants

Macroscopic
PHYSICAL Thermal Neutron
Melting Boiling PROPERTIES Specific Thermal Relative Absorption

Point  Point GIVEN AT Density Viscosity Heat Conductivity Figure Cross Section
Coolant O ({9 T(CC) p(atm) (kg/m?® [Ns/m?(x109] (KJ/kg°C) (W/m°C) of Merit® (cm™
Light water 0 100 270 54 767 102 5.14 0.059 53 0.017
Heavy water 4 101 270 54 845 113 5.27 0049 67 28 x 1075
Sodium 98 883 550 1 817 230 1.26 6.1 1 0.011
pTerphenyl 213 427 400 1 880 100 2.2 0.013 6.5 0.008
Helium —272 —269 450 40 3.08 36 5.2 0.028 1.1x 103 2 x207°
Carbon dioxide = -57 -78 450 40 29.5 30 1.2 0.07 17 x 103 107

Source: Etherington (1958).

#Value of C 2.8p*/n°? divided by that for sodium (hence value for sodium is unity).
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ference or temperature driving force AT by the simple equation:
G=bAT

where b is a constant of proportionality commonly referred to as the beat trans-
Jer coefficient. The temperature difference AT is defined as the difference be-
tween the fuel element surface temperature T, and the bulk coolant
temperature 7

AT=T,-T,

The temperature of the fluid is not uniform across the channel; the fluid ad-
jacent to the wall is at the wall temperature. The bulk temperature 7, is defined
as the fluid temperature that would be obtained if the fluid were totally mixed
within the channel. Figure 3.1 shows a typical temperature distribution across
the fuel and coolant in a reactor. Heat is generated in the fuel pellets and is con-
ducted to the pellet surface, then across the gas gap between the pellet and the
can, then through the can wall, and finally out to the fluid.

The heat transfer processes in the reactor must be designed to prevent the
system from exceeding two main temperature limits:

1. Maximum temperature of the fuel. If the fuel is made from uranium metal, its
maximum temperature is around 650°C, where volume swelling occurs due
to a crystal structure change in the metal. For uranium oxide fuel, the maxi-
mum temperature is around 2800°C, the melting point of the oxide. Despite
its much lower maximum temperature, metal fuel may release heat from its
surface at a higher rate than oxide fuel because of its much higher thermal
conductivity. However, in modern reactors metal fuel is rarely used, since it
undergoes chemical reaction with the coolant if the cladding is ruptured.

2. Maximum cladding temperature. The temperature of the cladding material is
often the limiting factor. For instance, the commonly used Zircaloy cladding
rapidly corrodes if its temperature is greater than about 500”C, and it reacts
exothermically (i.e., generates heat, which can promote further reaction)
with steam to form hydrogen at temperatures above 1000°C. Stainless steel
cladding is used in AGRs and liquid metal—cooled fast reactors; it is compat-
ible with carbon dioxide and sodium at normal operating conditions
(700-750°C) but oxidizes rapidly at higher temperature, the short-term ab-
solute limit being the stainless steel melting point of about 1400°C.

In practice, it is not feasible to design a nuclear reactor system to work close
to these maximum temperatures, since a margin must be provided for abnormal
or accident conditions. Typical maximum cladding temperatures for steady op-
eration of various reactor systems are as follows:
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Figure 3.1: Typical fuel pin temperature profile (PWR fuel).

Magnesium alloy cladding (Magnox) 450°C
AGR stainless steel cladding 750°C
Pressurized-water reactor 320°C
Boiling-water reactor 300°C
Sodium-cooled fast reactor 750°C

The heat transfer coefficient » depends on the physical properties of the fluid, in-
creasing with increasing fluid thermal conductivity, decreasing fluid viscosity, and
increasing fluid density. It is also a strong function of the fluid velocity. Typical
values of b for reactor coolants at the usual ranges of velocity are as follows:
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Water 30,000 W/m? °C
Boiling water 60,000 W/m? °C
High-pressure carbon dioxide 1,000 W/m? °C
Liquid sodium 55,000 W/m? °C

In a pressurized-water reactor the heat flux g is typically around 1.5 million
W/m?, giving a cladding-to-fluid temperature difference of about 50°C. In a lig-
uid metal—cooled fast reactor, the heat flux might be typically 2 million W/m?,
giving a cladding-to-fluid temperature difference of about 35°C. Similarly, in a
boiling-water reactor, a typical heat flux is 1 million W/m?, giving a temperature
difference of around 15°C.

The values given above for heat transfer coefficients are those appropriate
for smooth, plain surfaces. The values for carbon dioxide are very much lower
than those for water and sodium. This means that the temperature difference
would be unacceptably high, or the power output unacceptably low, for gas-
cooled systems. It is thus necessary to enbance the heat transfer in some way in
these systems. In Magnox reactors this is done by using external fins, typically
of the form illustrated in Figure 2.4 and in more detail in Figure 3.2. The fins on
the surface increase the area of cladding in contact with the gas, thus increasing
the heat transfer rate for a given amount of fuel. The fins also promote intense
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Figure 3.2: End view of a Magnox fuel can with herringbone pattern of fins.
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mixing of the gas, which also aids the heat transfer. By using external fins, the
heat transfer rate is increased above that for a plain can by a factor of 5 to 6.

In the advanced gas-cooled reactor (AGR), enhancement of gas-phase heat
transfer is achieved by quite different means. The can is machined to produce
rectangular ribs on the surface as illustrated in Figure 3.3. These ribs add only
slightly to the total surface area of the cladding, but they enhance the heat
transfer coefficient by a factor of typically 2.5. By interrupting the flow of the
hot gas along the surface and causing the hot gas to be mixed with the cooler
gas in the bulk flow, they help bring the cooler gas to the surface, enhancing
the heat transfer rate. However, this enhancement of heat transfer is achieved at
the expense of increasing the frictional resistance to gas flow through the sys-
tem, thus requiring more power to drive the circulators.

In nuclear electricity generation, it is necessary to boil water in order to pro-
duce steam. In the boiling-water reactor, this is done directly in the reactor core
(see Figure 2.10) In the other reactor types discussed in Chapter 2, boiling oc-
curs in a separate steam generator, which is heated by the primary coolant:
water (PWR), carbon dioxide (AGR), or sodium (fast reactor).

The phenomenon of boiling is encountered frequently in everyday life. Most
British families have an electric kettle to produce boiling water for domestic
purposes. In such kettles, bubbles of steam are produced at the heating element
surface and rise through the water, initially condensing but later escaping from

Ribbed fuel can surface
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Figure 3.3: Longitudinal section through an AGR fuel rod.
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the surface of the water and out through the kettle spout, at which time most
people remember to switch off the kettle. In a typical kettle, the heat flux would
be around 150,000 W/m?. For such a domestic kettle, the heat transfer coeffi-
cient would be around 10,000 W/m? °C, giving a temperature difference be-
tween the surface of the element and boiling water of about 15°C. The electric
kettle provides a useful analogy in discussing safety issues and accident condi-
tions in Chapter 4. Note that the heat transfer coefficient for a typical domestic
kettle is approximately one-sixth of that observed for boiling in a boiling-water
reactor, because the heat transfer coefficient in boiling increases with increasing
pressure and with increasing heat flux, both of which are higher in the BWR.

A further complication in the BWR is that the steam generated flows along
with the remaining water, resulting in a two-phase flow (the two phases being
water vapor and water liquid). Two-phase flows are highly complex in nature
and have higher flow resistance (higher pressure drop through the reactor) than
equivalent single-phase flows. The development of two-phase flow in a heated
channel is illustrated for the case of a simple heated tube in Figure 3.4. At the
bottom of the channel, heat transfer is to the liquid alone (i.e., a single phase).
At a certain point along the channel, bubbles start to form at the wall, and we
enter the bubbly two-phase flow regime. Initially, the bubbles are formed at the
wall and condense rapidly when they move toward the center of the tube.
However, when the liquid heats up to its boiling point the bubbles can no
longer condense. As the flow proceeds farther up the tube, more and more of
the fluid is in the form of steam. A parameter commonly used to describe the
extent of evaporation is the steam quality x, which is the fraction of the total
mass flow in the form of vapor. The quality increases along the channel as
vapor is generated as a result of the transfer of heat to the fluid. When the pop-
ulation of bubbles is sufficiently high, they begin to coalesce and form very
large bullet-shaped bubbles, which characterize the siug flow regime. Eventu-
ally, these slug flow bubbles all join together, and we enter the annular flow
regime, where there is a liquid film on the heated surface with the vapor flow-
ing in the center of the channel (Figure 3.4). The surface of this liquid film is
highly disturbed by ripples and waves, and liquid is picked up from the wave
tips in the form of droplets and flows with the steam.

Farther along the channel, the liquid film is gradually thinned by the process
of evaporation and droplet formation and finally dries up. Here, the drop flow
regime is entered, with the liquid phase flowing totally as droplets. The transi-
tion from the annular flow (wetted wall) to the drop flow (dry wall) region is
often referred to as dryout or burnout. This is a particularly important transition
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since it results in a large decrease in the heat transfer coefficients. In the annu-
lar flow regime, the coefficient is typically many tens of thousands of watts per
square meter per degree centigrade. Beyond the transition, in the drop flow
regime, the coefficient can fall to a small fraction of this value, typically 2000
W/m? °C. This large decrease in heat transfer coefficient results in an increase in
heating surface temperature if the heat flux is maintained constant. As a result,
the heating surface may become unacceptably hot. It is important to avoid the
dryout-burnout transition in the reactor core situation, where the heat flux is
governed mainly by the neutron population. As shown in Section 2.2, the tem-
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Figure 3.4: Flow patterns in a vertical heated channel.
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perature of the fuel in an operating nuclear reactor is determined by the rate of
heat transfer into the coolant. If the heat transfer coefficient falls by a factor of,
say, 30, from 60,000 to 2,000 W/m?°C, then the temperature difference between
the fuel and the coolant will rise by an equivalent factor, namely, from 15°C to
450°C, which would exceed the permissible operating temperature for Zircaloy
cladding. It is thus very important to operate nuclear reactors under conditions
at which dryout-burnout does not occur.

Referring to Figure 3.4, we see that the droplets persist for long distances be-
yond the dryout point. This occurs because the droplets evaporate slowly, even
if the steam is heated well above the boiling point or saturation temperature.
Heat transfer in the region beyond dryout-burnout is very important in consid-
ering accident conditions and will be discussed in Chapter 4

In contrast to the situation in the reactor core, where the heat flux is con-
trolled by the neutron population, boiling in the steam generators of indirect-
cycle reactors (AGR, PWR, fast reactor) is controlled by the temperature of the
primary coolant fluid. Thus, if and when the dryout-burnout transition is tra-
versed, the heat flux itself will decrease commensurate with the decreased heat
transfer coefficient. In one design of PWR steam generator (the “once-through”
steam generator design of Babcock & Wilcox), the dryout-burnout transition is
deliberately traversed. This is also the case in the steam generators of the AGR
and in some steam generator designs for fast reactors.

3.4 GASEOUS COOLANTS

Gaseous coolants have the great advantage of having a well-defined phase
state. Unlike liquid coolants, they are not subject to a change of phase, with the
resulting complicated two-phase flow problems during abnormal operating
conditions. However, they have the disadvantages of a low heat capacity and
low heat transfer coefficients, the latter necessitating heat transfer enhancement
or low operating temperatures. A wide variety of gases have been considered
for nuclear reactor cooling, but only those that have been used or have had se-
rious evaluation will be discussed here.

3.4.1 Air

Air cooling was used in the very first generation of nuclear reactors, namely,
graphite-moderated natural uranium “piles,” which were built in both the
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United Kingdom and the United States in the 1940s. The largest air-cooled reac-
tors were at the U.K. Atomic Energy Authority’s Windscale establishment and
were designed for plutonium production. The main problem with air as a
coolant is that it is an oxidant, i.e., it supports combustion. In the case of the
Windscale graphite-moderated piles, there was something of a dilemma: if the
pile temperature was too high, the graphite oxidized, but if the pile temperature
was too low, the graphite atoms could become permanently displaced from
their natural positions by neutron bombardment. At higher temperatures, the
atomic vibrations are sufficient to shake them back to their normal positions.
Displacement of the atoms results in energy being stored, with possible acci-
dent connotations, which we will discuss in the context of the Windscale acci-
dent in Chapter 5.

Despite the ready availability of air, its oxidizing properties rule it out as a vi-
able coolant in modern high-temperature reactors.

3.4.2 Carbon Dioxide

In terms of its physical properties, carbon dioxide is the best available gaseous
coolant, and consequently it was chosen for the large U.K. Magnox and AGR
power stations. In the Magnox reactors, the graphite moderator has a maximum
temperature of only about 350°C. At these temperatures CO, is unreactive with
graphite, nor does it react with the canning material, the circuit steels, or the
fuel (uranium metal). When the temperature is increased, difficulties arise be-
cause of the chemical reaction:

CO, + C - 2CO
Here, the C (carbon) represents the moderator graphite blocks, and the reaction
slowly removes the moderator from the reactor, decreasing the strength of the
graphite core. The above reaction is induced not only by higher temperatures
but also by increasing nuclear radiation.

The occurrence of the carbon dioxide-graphite reaction is a potentially very
serious limitation since the structure of the core, including the alignment of the
fuel channel, is dependent on the physical strength of the graphite blocks. In
the case of the advanced gas-cooled reactor, there have been two approaches
to solving this problem:

1. The inlet (relatively cold) carbon dioxide is fed through the moderator struc-
ture to the entrance of the fuel channels, thus keeping the moderator at a
lower temperature.
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2. Carbon monoxide and methane are added to the carbon dioxide to inhibit
the above chemical reaction. The mechanisms by which this inhibition is
achieved are complex. One mechanism is that the additives produce a thin
layer of carbon on the graphite, and this carbon layer reacts sacrificially with
the coolant, preventing attack on the bulk structural graphite. A difficulty
here is that the carbon may, under certain circumstances, be deposited on
the fuel elements themselves. As we saw in the preceding section, heat trans-
fer from the fuel elements is critically dependent on small isolated rib rough-
nesses on the surface of the cladding. Smoothing out of these roughnesses
by carbon deposition would negate their enhancement of heat transfer and
lead to a rise in the fuel element temperature. Very precise chemical control
is therefore required in AGRs.

3.4.3 Helium

Helium is one of a family of gases (which also includes argon, neon, and
xenon) commonly referred to as the inert gases or noble gases. Apart from some
exceptions of purely academic interest, atoms of these gases do not form com-
pounds with other elements (hence their description as inert). Helium, which
has a molecular weight of 4, is present in small quantities in the atmosphere but
is more commonly derived from oil and natural gas wells.

The inert gas argon (atomic mass 40) is much more available; air contains
0.94% by volume of this gas. Unfortunately, argon is not suitable as a reactor
coolant, since irradiation by neutrons causes it to form a radioactive isotope
(argon-41) that decays with a half-life of 1.8 h, emitting both B and 7y rays. This
neutron absorption and the resultant activation of the coolant circuit are unac-
ceptable. Helium, though more expensive than argon, is not activated in a neu-
tron flux and is, therefore, much more suitable.

Helium has been employed in the so-called high-temperature gas-cooled re-
actor (HTR). Here, the fuel is in the form of uranium carbide clad in graphite,
which acts as both the cladding material and the moderator. With helium it is
possible, in principle, to operate such reactors at very high temperatures (typi-
cally in excess of 800°C) without any chemical attack on the moderator-clad.
However, it is usually impossible to maintain the helium coolant in a pure state,
because in an actual circuit there will be a small leakage of water vapor from
the boilers, ingress of air and other materials through leaks of the circulators,
and release of gases originally adsorbed on the graphite. Although the helium
itself does not react with the graphite or the steel structures even at high oper-
ating temperatures, the impurities do, and this limits the temperatures that can
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3.4.4 Steam

Steam has better thermodynamic properties as a coolant than carbon dioxide.
Its high specific heat allows good heat transport with lower mass flow rates and
smaller, more compact piping systems than in other gas-cooled units. This has
led to a number of studies of the possibility of using steam as a reactor coolant.
However, at high temperatures and pressures, steam is a highly corrosive oxi-
dizing fluid, and stainless steels may be the only suitable construction materials
for use with steam at temperatures above about 600°C.

In a conventional oil-fired or coal-fired boiler, it is normal to superheat the
steam (i.e., increase its temperatures above the saturation temperature) before
feeding it to the turbine. This increases the overall thermodynamic efficiency of
the power generation of the cycle. In the normal nuclear boiler (e.g., the BWR),
the steam is not superheated. However, there have been a number of attempts
to introduce superheating in nuclear boilers and to make the nuclear reactor
closer to a conventional system. In this case, the steam can be regarded as a
supplementary coolant to the boiling water in the other parts of the reactor. In
general, it is not economically attractive to introduce superheating in this way,
mainly because it requires the use of stainless steel cans and hence an increase
in the enrichment of the fuel. However, a number of plants in the former Soviet
Union do employ superheating on a regular basis.

3.5 LIQUID COOLANTS

In contrast to gaseous coolants, liquid coolants may undergo a change of phase
(i.e., into vapor) if their temperature rises high enough. However, they have a
much higher heat capacity and their better heat transfer characteristics (dis-
cussed in Section 3.3) allow them to be operated at much higher heat fluxes
than gases. A variety of liquids have been used in reactor cooling, but only
water (light and heavy), organic fluids, molten salts, and liquid metals will be
considered here.

3.5.1 Light Water

From the earliest days of the development of nuclear energy, reactor cooling by
ordinary water (i.e., light water) has been the most commonly adopted practice.
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reactor (PWR; see Chapter 2) or in combination with a separate moderator such
as graphite or heavy water. An example of the former combination is the Russ-
ian boiling-water, graphite-moderated direct-cycle reactor (RBMK). Here, the
fuel channels cooled with light water pass through pressure tubes set within the
graphite core, which acts as the moderator.

Although light water is readily available, a number of problems are associ-
ated with its use:

1. It has a relatively low boiling point (100°C), and therefore the reactor must be
operated at high pressure to maintain the water in the liquid state at tempera-
tures suitable for power generation cycles. Thus, in the PWR the light water is
pressurized up to 15.5 megapascals (155 bars, 2300 psia), at which its satura-
tion temperature is 345°C. The average outlet temperature for the water from a
PWR is around 320°C, although the temperature may exceed the saturation
temperature (giving some local boiling) in some of the channels.

2. In the presence of a neutron flux, water decomposes slightly into its con-
stituent elements (hydrogen and oxygen). This radiation-induced reaction
can be suppressed by having an excess of hydrogen dissolved in the water,
which is the system adopted in the PWR.

3. Water is actually quite a corrosive substance, reacting with the materials of the
fuel elements and reactor circuit and picking up trace amounts of the variety of
elements present. These elements are in the form of dissolved or suspended
material and may be activated in the neutron field to give radioactive isotopes,
which remain in the water or deposit around the circuit. Thus, the primary cir-
cuit of a PWR is generally rather radioactive and requires remote mairtenance
procedures. This activation can be minimized by very careful control of the
water chemistry within the circuit and the choice of reactor materials. This sub-
ject is of great importance in the economics of the system operation.

4. As discussed in Chapter 1, light water is a fairly strong absorber of neutrons,
which leads to two problems. The first is the need for extra enrichment of the
fuel, and the second is that under certain circumstances, accidental removal of
the coolant water from the reactor core (e.g., by replacing the water by steam
in a loss-of-coolant situation) may lead to an increase in the neutron popula-
tion and an increased rate of the nuclear reaction. This is not a problem if the
light water also serves as a moderator (as in the PWR and BWR), since the
moderator is also removed and the nuclear reaction stops. In the Russian
RBMK reactor, where the main moderator is graphite, there are potential prob-
lems with a loss of cooling water leading to a reactivity increase if the fuel
channels are voided—what is often refe. red to as a positive void coefficient.

Thus, although light water is the most widely used coolant, it clearly is not
ideal, but, to be fair, neither is any other coolant.
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3.5.2 Heavy Water

Heavy water (deuterium oxide, D,0) is present to the extent of 0.016% in ordi-
nary water. Heavy water may be separated from ordinary water by various
processes, which is an expensive business requiring a very large plant. Never-
theless, heavy water has considerable merit as a reactor coolant; it has a much
lower thermal neutron absorption cross section than light water, which enables
reactors using heavy water as a coolant to be operated without enrichment of
25U in the fuel. The most common example of such a reactor is the Canadian
CANDU, which was described in Chapter 2.

With the exception of neutron absorption, heavy water has practically the
same physical properties and therefore the same disadvantages as light water.

Since heavy water is a very valuable material, losses and contamination with
light water must be minimized. This demands a high-integrity primary circuit,
particularly in the steam generators, where light and heavy water are separated
only by the heat transfer surface. In practice, an annual loss of about 2% of the
heavy-water inventory seems unavoidable, probably mainly in the form of
vapor escaping through leaks.

Another problem with heavy water is that in a neutron flux the component
deuterium is converted, to a small but significant extent, to tritium (hydrogen-3),
which is radioactive and decays to helium-3 with the emission of a B-particle. Be-
cause tritium has a relatively long half-life (12 years), tritium contamination of the
environment by coolant leaks from the reactor is a problem that must be taken
into account in the design.

3.5.3 Organic Fluids

In an attempt to overcome some of the disadvantages of water, particularly its
low boiling point and consequent high operating pressure, reactor systems
have been proposed employing various organic fluids. In practice, only one
group of compounds, the polypbenyls, have proved sufficiently resistant to neu-
tron radiation to be of interest. In general, these coolants are mixtures of
polyphenyls chosen so that they remain liquid at room temperature. It is possi-
ble to operate these coolants as liquids in excess of 300°C at operating pres-
sures of about 10 bars, compared with 155 bars required for water. In their pure
form, these coolants are essentially noncorrosive to common reactor materials.

The big problem with organic coolants is that although they are relatively re-
sistant to degradation by irradiation and thermal degradation, these processes
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still occur to a significant extent. Radiolysis causes the formation of hydrogen
and gives rise to a breakdown phenomenon called hydrogen embrittlement of
the fuel canning. Also, the irradiation leads to the formation of polymers (mate-
rials of very high molecular weight), which deposit as a solid on the fuel ele-
ments. Although reactors have been operated with such coolants, they have not
found general acceptance in commercial systems.

3.5.4 Molten Salts

Higher operating temperatures at lower pressures can be obtained by using
molten salts as coolants. Molten metal hydroxides such as sodium hydroxide
(caustic soda) have been suggested. The melting point of such substances tends
to be rather high, though by the use of mixtures, as of sodium and potassium
hydroxides, lower melting points (typically 190°C) can be obtained. The main
problem with such systems is corrosion, and this has prevented their serious
application.

In the early days of the development of nuclear power, many reactor systems
were suggested in which the fissile material (e.g., in the form of uranium tetra-
fluoride, UF4) was dissolved in a mixture of fused salts. When this mixture is
passed through a vessel containing a moderator such as graphite, a fission re-
action takes place, heating the uranium-containing fused salt. The fused salt is
pumped from the reaction zone to a heat exchanger, where the heat is trans-
ferred to another heat transfer fluid and ultimately to a power generation sys-
tem. A reactor of this type, in which the fuel is actually dissolved in the coolant,
is termed a homogeneous reactor and has the advantage that the fuel can be re-
processed continuously. However, the corrosion and other problems associated
with reactors of this type effectively rule them out, though small prototypes
have been operated.

3.55 Liquid Metals

Molten (liquid) metals offer the possibility of much higher operating tempera-
tures than can be obtained with water and have excellent heat transfer proper-
ties. Only one metal, mercury, is liquid at room temperature, and in any case it
has far too high a neutron absorption cross section for use in thermal reactors.
It also has relatively high vapor pressures, and the vapor is toxic. However, it is
interesting to note that mercury has been used in power generation cycles, and
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several power stations in the United States were operated during the 1950s
using mercury as a working fluid.

The only metals that combine the advantages of a relatively low melting
point with low vapor pressure and low neutron absorption are sodium and
potassium. Sodium and potassium are compatible with stainless steel at tem-
peratures up to at least 800°C provided the liquid metal is kept free of oxygen.
Sodium is the more abundant and cheaper to produce, and, furthermore, potas-
sium can form compounds with oxygen that are explosive. In recent years,
sodium has been the preferred liquid metal coolant, but in earlier reactors
sodium-potassium mixtures (NaK) were frequently employed. The mixtures
could be made liquid at room temperature and the pipework did not require
heating in order to keep the coolant molten during periods of shutdown.

Sodium has been the primary choice as the coolant for fast breeder reactors.
Referring to Table 3.1, we see that it has a higher thermal conductivity, though
a lower specific heat, than water. For a given heat removal, the flow rate re-
quired is five times higher for sodium than for water. However, the overriding
advantage of sodium is its high boiling point, which allows sodium-cooled re-
actors to operate near atmospheric pressure while maintaining a wide differ-
ence between the operating temperature and the boiling point. The operating
temperatures are sufficiently high for the sodium stream to evaporate water at
high pressure to produce a high thermodynamic efficiency. However, there are
a number of problems in using sodium as a coolant.

1. Because sodium is very reactive toward oxygen and water, contact must be
avoided. An inactive cover gas such as argon is needed above all the sodium
levels in the reactor system. This gas must be kept free of oxygen contami-
nation. In the steam-generating system, the sodium heats tubes that contain
the high-pressure evaporating water. These evaporators are one of the main
sources of trouble in sodium-cooled reactors. Very small leaks can be toler-
ated, but they cause contamination problems due to the formation of sodium
hydroxide, which is corrosive. Large leaks can cause explosive interactions
between the sodium and water, giving rise to hydrogen generation, and the
hydrogen itself is explosive. Contamination of the reactor vessel can be min-
imized by using an intermediate heat exchanger (Chapter 2); alternatively,
some designs use double-walled tubes to enhance the separation between
the two fluids in the steam generator. In the design of sodium-cooled reac-
tors, provision is made to accommodate such sodium-water reactions safely.
For instance, the steam generator can be isolated and its sodium content
ejected through a special system that allows the hydrogen generated to be
discharged through an outlet stack.
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2. The primary coolant circuit becomes very radioactive through the formation
of sodium-24, which has a 15-h half-life; the existence of this isotope in the
primary coolant is another reason for having an intermediate exchanger be-
tween the coolant and the steam generator. In practice, in view of the fairly
short half-life, this isotope creates no particular difficulty associated with
maintaining the reactor circuit, though sufficient time must be allowed for it
to decay to a low level before the circuit is worked on.

To someone who has witnessed school chemistry laboratory experiments in
which small pieces of sodium are dropped into water and has observed the dra-
matic and explosive effects, the prospect of using this metal as a reactor coolant
must seem rather horrifying. However, when contained within a reactor circuit,
and with proper precautions taken to deal with any potential effects of its con-
tact with the steam generator water, sodium is a surprisingly benign and ex-
tremely efficient coolant.

3.6 BOILING COOLANTS

There are a number of advantages in cooling a reactor core with a coolant that
vaporizes (boils) in the core itself.

1. The vapor produced can be fed directly to a turbine, and power can be gen-
erated without an intermediate heat exchanger and/or vapor generator.

2. Boiling coolants are very efficient in heat transfer (see Section 3.3).

3. The evaporation process in the reactor core produces a mixture of vapor and
liquid, which has a much lower neutron absorption than a liquid and at the
same time maintains a very high heat transfer efficiency. As the proportion
by volume of vapor in the coolant (commonly called the void fraction) in-
creases, the neutron absorption decreases and there is an increase in the re-
actor neutron population, or the reacitivity. If the coolant also acts as a
moderator, the neutron population will decrease. Thus, reactors with boiling
coolants that also serve as the moderator commonly have a decrease in neu-
tron population with increasing void fraction, or a negative void coefficient.
If the demand for steam from the reactor increases, therefore, the natural ten-
dency of the reactor is to start to shut itself down, and the control system
must be designed to accommodate this effect. In reactors of the pressure-
tube type with separate moderators (e.g., graphite), there can be a positive
void coefficient and the reactivity increases unless action is taken to offset the
effect. It is noteworthy that when sodium boils in a fast reactor, where there
is no moderator, an increase in reactivity is observed since there is a positive
void coefficient in this case also.
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The main disadvantages of boiling coolants are as follows:

1. The highly efficient boiling process can degenerate into an inefficient, essen-
tially vapor-cooling process rather abruptly due to the phenomenon of dry-
out or burnout, as described in Section 3.3.

2. Using vapor generated directly in the reactor core in the power generation
system means that the latter system is somewhat radioactive, requires special
design, and has increased maintenance and operating costs.

3. The rather complex behavior associated with the void coefficients, as de-
scribed above, can also be a disadvantage.

Liquid-cooled reactors can inadvertently become boiling-liquid-cooled reac-
tors in the event of a power excursion or a loss-of-coolant accident. We shall
discuss this in detail in Chapter 4.

3.6.1 Water

Water is the most commonly used boiling coolant, and about 30% of the world’s
nuclear reactors are boiling-water reactors (BWRs). These reactors were de-
scribed in Section 2.4.

Many of the features of water as a boiling coolant are identical to those of
water as a liquid coolant, which were described in Section 3.5. It should be
noted that BWRs operate at much lower pressures than PWRs (7 rather than
15.5 MPa, 1000 rather than 2300 psia).

Using water as a boiling rather than a liquid coolant entails the additional im-
portant problem of radiolysis, whereby the water is decomposed into its con-
stituent elements, hydrogen and oxygen, which are released into the vapor
during the boiling process. The rate of recombination of the hydrogen and oxy-
gen is much slower than in a system operated purely in the liquid phase, lead-
ing to higher concentrations of oxygen in the circuit fluid. Since the circuit is
under stress due to the high pressure, a form of corrosion called stress corrosion
cracking can occur, and this has presented a major difficulty in the operation of
BWRs. It can be overcome by using more resistant materials, but replacing
pipework in existing reactors is obviously an expensive process.

3.6.2 Liquid Metals

Boiling potassium coolants have been investigated for both terrestrial and space
power systems, and a prototype space reactor employing boiling potassium has
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been operated. This coolant is attractive because it gives a very high thermody-
namic efficiency, corresponding closely to the special case discussed in Section
3.2, with a high latent heat and a low specific heat. Thermodynamic efficiencies
of the order of 55% (compared to 35-40% in water systems) are possible with a
combined potassium and steam cycle. However, this form of coolant has not
been seriously pursued, mainly because of the exotic materials required for the
construction of the fuel cladding and the turbine.

3.7 ALTERNATIVE FORMS OF
REACTOR COOLANT CIRCUITS

Since the first air-cooled nuclear reactor built under the squash court of the Uni-
versity of Chicago in December 1942, an amazing variety of nuclear reactors
have been devised and many of them have been built. In all cases a coolant cir-
cuit was included; the main components of such circuits and the circuits ap-
plied in the most commonly used nuclear power reactors are described in
Chapter 2. Of course, all reactor cooling circuits must include the reactor core
itself, a means of circulating the coolant through the core, and a means of ex-
tracting the heat from the coolant in order to maintain continuous cooling of the
reactor and at the same time (in power reactors) generate useful power. In
power reactors the means of extracting the heat from the coolant is almost uni-
versally a heat exchanger, which produces high-pressure steam that can be
used in a steam turbine to generate power. It is convenient to divide the various
types of reactor circuits into three groups:

1.  Loop-type circuits. The core itself is contained within a reactor vessel,
and the primary coolant circulator and the steam generator are coupled to
the reactor vessel by suitable pipe systems.

2. Imtegral-type circuits. The core, primary coolant circulator, and steam
generator are contained within a single vessel, feedwater is fed to this vessel,
and steam is taken from it to the turbine.

3. Pool-type circuits. The core and the primary coolant circulators are im-
mersed in a pool of coolant. This arrangement is feasible only for unpressur-
ized coolants such as sodium. The steam generator is usually outside the
reactor containment vessel. This type of circuit is intermediate between the
loop-type and integral-type circuits.
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3.71 Loop-Type Circuits

The prime examples of this type of circuit are those used in the Magnox, pres-
surized-water, and CANDU reactors. The circuits for these reactors are illus-
trated in Figures 2.4, 2.8, and 2.11). In normal reactor operation there is a
multiplicity of loops, as illustrated in Figures 3.5 and 3.6, which show the posi-
tions of the individual loops in the PWR and CANDU systems, respectively.
Note that in the PWR the loops come together in the reactor core, whereas in
the CANDU reactor they are always totally separate. This has important impli-
cations for safety considerations with these reactors, as we shall see in Chapter
4. A typical modern large PWR has three or four loops, depending on the size,
each loop handling typically 300 MW of electric power production (corre-
sponding to generation in the reactor core of 900 MW of thermal energy for
each loop). Smaller reactors have two loops, with the size of the steam genera-
tors and other components within a loop kept approximately the same. Some
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Figure 3.5: Example of a loop-type circuit: the PWR.
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Figure 3.6: Example of a loop-type circuit: the CANDU reactor.

of the earlier PWRs had a four-loop design, notwithstanding their smaller over-
all size and much smaller output per loop (e.g., the Shippingport and Yankee
Rowe reactors). The move toward standardization in the mid-1960s led to much
larger reactors and much larger powers per loop.

3.7.2 Integral-Type Circuits

Typical examples of integral circuits are the advanced gas-cooled reactors and the
type of reactor used most commonly for ship propulsion. The original CO,-
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cooled reactors (Magnox) were of the loop type. However, the development of
large concrete pressure vessel technology allowed the incorporation of the steam
generators and circulators inside the pressure vessel, as illustrated in Figure 2.5. A
typical marine reactor is illustrated in Figure 3.7, where the circulators, steam gen-
erators, and reactor core are all encapsulated in a single steel pressure vessel.

The great advantage of the integral type of circuit is that all the primary cir-
culating fluid is contained within the vessel, removing the need to circulate the
primary fluid through connecting pipework to the steam generator. A possible
accident source in the loop-type circuit is the rupture of one of the primary
coolant pipes, and this is obviated in the case of the integral circuit.

3.7.3 Pool-Type Circuits

Perhaps a majority of nuclear reactors used for research are of the pool type,
often referred to as “swimming pool” reactors. The core is immersed in a pool of
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Figure 3.7: Example of an integral-type circuit: marine reactor.
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light or heavy water, and heat exchangers are placed outside the reactor vessel to
extract the heat. This principle of reactor design can generally be applied only
when the primary coolant is an unpressurized liquid, which is the case only for
the liquid metal—cooled fast reactor (see Figure 2.15 for an illustration of the cir-
cuit). Examples of reactors with this type of coolant circuit are the British proto-
type fast reactor (PFR) and the French Phenix reactor. However, it is also possible
to design sodium-cooled fast reactors with loop-type circuits. Examples of such
reactors are the Japanese sodium-cooled fast reactors JOYO and MONJU.

In the latter designs, the primary circuit pump and the intermediate heat ex-
changers are external to the vessel containing the reactor core, as illustrated in
Figure 3.8. Thus, in these designs the sodium is pumped from the reactor ves-
sel through pipes connecting it to the heat exchanger.

The advantages of the pool-type design are that there are no external pipes,
which reduces the risk of pipe ruptures, and there are no connections to the
tank containing the coolant pool below the liquid level, as illustrated in Figure
3.9. Moreover, in pool-type reactors, the large quantity of sodium in contact
with the core can act as a heat sink in case of circulation failure. In fact, with a
well-designed sodium-cooled fast reactor of this type, it is possible to ensure
decay heat removal by natural circulation alone, and we shall return to this
point in Chapter 4. The pool design, however, has the disadvantage that the
main core structures are submerged under many thousands of tons of active
sodium and are difficult to get at (to monitor their structural integrity) and to
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Figure 3.8: Example of a loop-type circuit: the liquid metal-cooled fast reactor.
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Figure 3.9: Example of a pool-type circuit: liquid metal—cooled fast reactor.

maintain. Access and maintenance are much easier in the loop-type reactor, but
the existence of external pipework introduces the possible hazards of a loss-of-
coolant accident.

3.7.4 Future Developments

Future development of nuclear reactors is aimed at improved performance—
from both an economic and a safety viewpoint. Electricity utilities in both Eu-
rope and the United States are collectively defining these requirements in detail.
A key issue in the application of future designs is their ability to be licensed in
those countries wishing to deploy the design, in the same way as aircraft de-
signs achieve their airworthiness certificates to operate internationally.

Most attention has been directed at advanced light-water reactors (ALWR).
Two different approaches are being pursued to meet these improved-perfor-
mance goals; they relate to evolutionary and passive designs, respectively.

Evolutionary designs are extensions of existing PWR and BWR plants build-
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ing upon past experiences and using proven components but with enhanced
safety features designed to reduce the probability of accidents and to mitigate
their consequences. Specific examples of these plants and their vendors are the
European pressurized water reactor—EPR (NPI); System 80 plus(™)/BWR 90
(ABB); ABWR (GE); and Sizewell B/APWR (Westinghouse/Mitsubishi).

Passive designs make effective use of natural physical processes such as grav-
ity (control rod insertion), natural circulation/convection (to remove heat), evap-
oration-condensation, transient heat conduction (to provide heat sinks), stored
energy in pressurized accumulators (to inject cooling water), and negative reac-
tivity effects (to stabilize the chain reaction). Although there are drawbacks, the
maximum use of such natural phenomena can simplify the design and reduce de-
pendence on operator action. Specific examples of passive plants and their ven-
dors are the simplified BWR (GE); PIUS (ABB); and AP600 (Westinghouse).
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EXAMPLES AND PROBLEMS

1 Nuclear fuel center temperature
Example: Derive an expression for the temperature at the center of a nuclear fuel pel-
let assuming that the internal energy generation is uniform and the thermal conductiv-
ity is independent of temperature. A solid UO, pellet has a linear rating of 45 kW/m
and a surface temperature of 600°C. The thermal conductivity of UO, is 2.7 W/m K.
What is the center temperature of the fuel pellet?
Solution:
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Suppose the rating of the fuel pellet, i.e., the total energy supplied as heat per meter of
fuel, is R (W/m). Then the rate of energy release within a radius r is

since the power produced is in proportion to the volume of fuel.
At equilibrium this rate of energy is conducted away from the cylindrical surface

atz ie.,
—k21r ﬂ
dr

where £k is the thermal conductivity and T is the temperature.
So

—kdT = [2:;2 Jr dr

and the temperature at radius 7, T(?), is

R r?
TGy =T, +| — | 1-
o=+ e |5

and the center temperature is
R
Tm=T
Ik

where T, is the temperature of the outside of the pellet (» = a). Note that the difference
in temperature (7, — T,), when the energy release rate is expressed as a linear rat-
ing,. is independent of the diameter of the pellet.

T, =600+ 45

— = =1926°C
max 4xmx2.7

Problem: For the UO, pellet described in the example, calculate the maximum linear
rating that would be possible if the center temperature were limited to 1500°C.

2 Figure of merit for a reactor coolant
Example: A figure of merit for a reactor coolant is given as

Fe Cz.ae
- uo.z

Derive this expression from a consideration of the ratio of pumping power P to heat
output Q for a constant coolant temperature rise AT.
Solution: The pressure drop Ap across a channel of diameter D and length L is
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where W is the flow rate of the coolant, A4 is the flow cross-sectional area, fis the
friction factor, which for turbulent flow is proportional to

0.2
L2
Ap
and g is the coolant density.
The pumping power P ( = ApW/p) is
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The heat output Q can be given in terms of the flow rate, specific heat, and tempera-
ture rise of the coolant:
Q=WC,AT

If we use this equation to eliminate W from the pumping power equation, then
1 Q® 211
P=—z| Zaps
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but the friction factor fis proportional to
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Therefore, for given channel dimensions Z, 4, and D, heat output Q, and temperature
rise of coolant AT, the pumping power will be a minimum when

Thus P is proportional to

08

B
28
e

is a minimum or the reciprocal is a maximum.

Problem: A new organic coolant is being considered for reactor cooling. At the condi-
tion obtained in the proposed reactor, its density is 862 kg/rn3, its viscosity is 1.5 x 10~
Ns/m3, and its specific heat is 2710 J/kg K. Calculate the figure of merit for this new
coolant and compare the value obtained with those for other coolants given in Table
3.1
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3 Circuit designs for nuclear reactors
Problem: The development of nuclear power reactors has been such that for gas-
cooled reactors the integral-type design has become standard (using a pressurized con-
crete vessel), whereas for water-cooled reactors the loop-type design is favored.
Discuss the relative advantages and disadvantages of these alternative designs and es-
tablish why each is preferred.
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Loss of Cooling

4.1 INTRODUCTION

A modern large nuclear power plant is a very complex piece of engineering with
a wide diversity of components. In the design of such plants, careful considera-
tion must be given to the effect of breakdowns of these components. In this
chapter we shall be primarily concerned with those component breakdowns, or
combinations of component breakdowns, that can give rise to an interruption in
normal cooling. When such an interruption occurs, the fission reaction is rapidly
terminated, but as we saw earlier (Section 2.2, particularly Table 2.2), heat gener-
ation continues after shutdown of the fission reaction due to the continuing decay
of the fission products that have been generated. All reactor systems are provided
with alternative means of cooling in order to remove this fission product decay
heat in the event that the normal cooling system fails to operate. In Chapter 6 we
shall consider the consequences of the alternative cooling system itself failing to
operate, although this is a very remote possibility.

The design of a nuclear power station must encompass a number of opera-
tional states that can occur during normal operation of the reactor or as a result
of some kind of fault. These operational states may be classified as described
below and are summarized in Table 4.1.

1. Normal operation and operational transients. In addition to the normal op-
erational state, as described, for instance, in Chapter 2 for the various reactor
systems, the designer must think about transients that occur during opera-
tion. The term transient implies a nonsteady state of operation encountered
in proceeding normally from one steady operating state to another. An ex-
ample would be bringing the reactor from a “cold” condition up to full-
power operation. This kind of operational transient must be taken into
account in the design and the methods for achieving it worked out in the op-
erating instructions for the reactor. For instance, to avoid damaging the struc-
ture of the reactor, there may be limits to the rate at which the temperature
of the structure can be increased or decreased. To ensure economic opera-
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tion of the reactor, many components that might require frequent mainte-
nance are duplicated, and the rules for operation of the reactor must be care-
fully worked out to ensure that safe operation can be maintained even when
some of the components are out of service. In order to operate the reactor
economically, consideration must be given not only to the steady state but
also to all the things that are likely to happen as a matter of course in the op-
eration of a complex engineering plant.

2. Upset conditions. The word upset is used to describe all the kinds of faults
that are not expected during operation but that can be reasonably expected
to occur during the lifetime of a plant as a result of a variety of external
events. Consider, for example, the case of lightning striking the power lines
leaving the plant. A plant generating 1000 MW of electricity suddenly has no
means of exporting this electricity to the grid. When electricity is no longer
taken from the generator attached to the steam turbine, the turbine will in-
crease in speed unless rapid action is taken to prevent such an occurrence.
This action is to stop the flow of steam to the turbine and divert it directly
into the condenser. The steam flow is reduced as rapidly as possible by
using the control rods to stop the fission reaction—"tripping” the reactor. A
turbine trip of this kind might be expected to occur for one reason or an-
other about once every year, and it is important to design properly to ac-
commodate it.

An interesting consequence of such a trip is that the power station, instead
of being an exporter of electricity, immediately becomes an importer of elec-
tricity in order to drive the coolant pumps, instrumentation, and emergency
cooling systems for the reactor. If the external power line has been broken,
it is likely that no electricity can reach the site. Since the reactor has been
tripped, it is no longer generating electricity and emergency power genera-
tion systems must be provided. These are usually diesel-driven generators,
and normally several of them are installed in case one is being serviced or

Table 4.1 ¢ Classification of Reactor Operating States and Frequency of Occurrence

Operating states for which the system is

designed to cope:

Normal operation Continuous (apart from shutdowns for maintenance)
Operational transients ~10 per reactor year

Upsets ~1 per reactor year

Emergencies 1in 100 reactor years

Limiting fault conditions 1 in 10,000 reactor years

(including design basis accident, DBA)

Unprotected or beyond design basis 1in 1 million reactor years
accidents



94 INTRODUCTION TO NUCLEAR POWER

fails to operate. This example of an upset transient is one of many that must
be accounted for in design; others include loss of cooling water to the con-
denser due to the failure of a cooling-water pump, loss of feedwater to the
steam generator, and reactor coolant pump trips.

3. Emergency events. Although operational transients are certain to occur and up-
sets are practically certain to occur during the lifetime of a plant, a number of
events can be postulated that might have, say, a 1-in-10 chance of occurring in
the lifetime of a particular plant. If we consider a sample of 10 plants, it is prac-
tically certain that one of these events would occur within 1 of the plants dur-
ing its lifetime. A large country such as the United States has more than 100
reactors in operation; therefore, emergency conditions are likely to occur
within one of the plants every few years. The reactor design must cope with
such emergencies, although some damage to plant components may be ex-
pected as a result of the incidents. An emergency event would occur, for in-
stance, as a result of breaks in small pipes in the reactor circuits, relief valves
being stuck open, or fires within the plant electrical systems.

4. Limiting fault condition. 1t is possible to conceive of events, such as an
earthquake, the complete severance of a main inlet pipe, or the complete
severance of a steam line from the steam generator to the turbine, that would"
represent a severe accident to a reactor. Even though some accidents might
occur only once in 10,000 years of reactor operation (though with 100 reac-
tors operating, such an event might occur once every 100 years), reactors
must be designed to meet these so-called limiting fault conditions safely. Al-
though an emergency event (as described above) would not give rise to any
release of activity off the reactor site, a limiting fault condition could give
rise to extensive failure of the fuel canning and some consequent release of
radioactivity off the site. The regulations set down by the national licensing
bodies limit this release of radioactivity to a level that would not represent
any significant risk to the public.

The reactor must be designed to meet the above operating states. Certain
faults—for example, those related to coolant circulation pumps or gas circula-
tors—can give rise to an interruption in normal cooling. When such an inter-
ruption occurs, the reactor is shut down by its automatic safety systems. But as
we saw earlier, heat generation continues after shutdown of the fission reaction
due to the continuing decay of the fission products that have been generated:
the decay beat. So all reactor systems are provided with alternative means of
cooling in order to remove this decay heat in the event that the normal cooling
system fails.

The two most important safety systems are those associated with stopping
(“tripping”) the fission reaction within the reactor (the control rods) and those
associated with providing an alternative cooling system, the so-called emer-
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gency core cooling system (ECCS). These engineered safety systems need to be
brought into operation reliably when required.

This is done as a result of instrumentation signals received from sensors lo-
cated around the plant that indicate when an unsatisfactory condition is being
approached. They then initiate the action of the safety systems. This total reac-
tor protection system has to be highly reliable. Such reliability is achieved
through:

1. Duplication. Several sensors are used to measure critical parameters and sev-
eral signal processors used to evaluate the signals. If all the sensors and
processors are working, some of them are redundant. In a typical protection
system, there are four identical sensors whose readings are compared. If two
sensors of the four give identical signals requiring the activation of the safety
system, action is taken. This allows for failure of two of the four systems.

2. Diversity. Different systems parameters are monitored to provide an indica-
tion of the same form of fault condition. Thus, two completely different sig-
nals, e.g., pressure and temperature, can be used to trip the reactor and/or
initiate the emergency core cooling system for the same fault.

In some designs—for example, the British PWR, Sizewell B—the reactor pro-
tection system itself consists of two diverse systems: the primary protection sys-
tem and the secondary protection system. The primary protection system is a
microprocessor-based system that provides reactor trip and actuation of the en-
gineered safety systems. The secondary protection system utilizes magnetic
logic relays to initiate the reactor trip and engineered safety systems indepen-
dent of the primary protection system.

As to the physical trip systems, advanced gas-cooled reactors have two sep-
arate systems for terminating the fission reaction: the first based on the control
rods and the second on the injection of nitrogen, which is a neutron absorber,
into the reactor gas.

Pressurized water reactors (PWRs) will shut down automatically if cooling
water is lost from the core since this water is also the moderator. There are of
course other systems. The normal one is based on control rods and the injec-
tion of boric acid, a neutron absorber, into the reactor cooling water. In addi-
tion, in some designs (Sizewell B) there is a completely separate second system
for injecting very quickly large quantities of boric acid to deal with particularly
severe faults.

Despite all these attempts to reduce the probability of failure of the protec-
tion system, it is difficult to demonstrate that such systems have a better relia-
bility than 1 failure for every 10,000 times they are called into operation.
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However, since the protection system itself is seldom called into operation (i.e.,
about once a year to meet an upset), the chance of failure is still remote.

It is now important to identify the vital supporting role of the operator. For
faults of the type described above, no claims whatever are made on the opera-
tor for the detection of the fault and the safe shutdown of the reactor. This is
achieved entirely automatically with high reliability. The role of the operator is
really a management task of information gathering, planning, and decision
making and only occasionally calls for more active control when routine oper-
ation is disrupted. Operators are highly trained—on simulators and on actual
plant—and are regularly tested for competence.

It is a requirement in the design of the most recent British reactors that the
operator should not need to intervene to control an abnormal condition for a
period of at least 30 minutes after it begins. The automatic systems are designed
to achieve this. During this period the operator needs essentially to monitor the
proper functioning of the safety systems. He takes action only if the response of
these systems is judged inadequate for some reason.

Operational transients, upsets, emergency events, and limiting fault condi-
tions, as defined above, represent the range of conditions against which the
plant is designed. The most serious of these conditions, the limiting fault condi-
tion, is often referred to as the design basis accident (DBA). It is possible to
conceive of accidents that are more serious than the DBA and against which the
reactor is relatively unprotected. Examples of such accidents are as follows:

1. Events that can be postulated but that are considered to be so unlikely that
there is no justification for protecting the reactor against them. These might in-
clude the occurrence of a large earthquake in a zone where earthquakes do
not normally occur and the direct crash of a large aircraft into the reactor with
simultaneous destruction of the containment and the protection systems.

2. The occurrence of an upset, emergency condition, or limiting fault condition
with the simultaneous failure of the protection system and/or the safety sys-
tems (for example, the emergency core cooling systems, ECCS). As indicated
in Table 4.1, limiting fault conditions might occur once every 10,000 years. If
the probability of failure of the emergency core cooling system was once in
every thousand demands, a very severe accident leading possibly to the
melting of the reactor core would occur once every 10 million years of reac-
tor operation (i.e., 104 events per reactor year multiplied by 103 failures of
the ECCS per event).

3. Although the designer tries to envisage all conceivable operational transients,
upsets, emergency conditions, and limiting fault conditions, it is nevertheless
possible that some event may happen that was not thought of. The most un-
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predictable events are those that involve a sequence of multiple failures cou-
pled with unanticipated responses from the reactor operators. It was this
kind of sequence that occurred in the Three Mile Island accident, which we
shall describe in more detail in Chapter 5.

Having discussed in this and previous chapters the basic principles of con-
trolling the nuclear reaction and cooling the fuel, we need to introduce a third
basic principle, that of containing the radioactivity. Collectively these three
basic principles of reactor safety can be remembered as the Three Cs.

The term containment can be used to describe both a system for preventing
the release of radioactivity to the general environment and the building in
which a reactor is housed. Containment of radioactivity involves a multibarrier
approach. What are these barriers?

1. Most radioactive fission products are retained where they are formed within
the fuel, so the fuel matrix itself provides the first barrier.

2. The fuel is sealed in metal tubes—stainless steel for AGRs, zirconium alloy
for water reactors. These are strong enough in all normal circumstances to
contain all the fission products that escape from the fuel matrix. This is the
second barrier.

3. The reactor pressure vessel that contains the core and the high-pressure
coolant forms the third barrier.

4. And for many reactors there is the further barrier of the containment build-
ing itself—often a prestressed or reinforced-concrete-sealed and pressure-re-
taining building capable of withstanding external impacts and internal
explosions.

The whole purpose of the safety systems provided on a reactor is to ensure
that these separate barriers are not challenged and all remain intact. The safety
limits are thus defined with this specific objective in mind.

In providing a framework for what follows in this chapter, it is useful at this
stage to consider some basic principles related to the energy aspects of an acci-
dent. We may write the following simple energy balancefor the reactor system:

Energy in — energy out = energy stored

As the reactor is brought up to power, some of the fission energy is stored in
the reactor components as they are brought up to temperature. In particular, the
fuel elements themselves store energy due to the large temperature gradient re-
quired to transfer the heat from them, as indicated in Figure 3.1. Once the reac-
tor reaches steady state operation, energy is no longer stored and energy in
equals energy out. Energy is also stored within the primary circuit coolant as a
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result of its heat capacity and, for a pressurized coolant, as a result of its high
pressure. Any transient process causing a departure from steady state condi-
tions will also cause a change in the stored energy. However, the above equa-
tion will continue to apply during the transient. Let us take two examples to
illustrate this point:

1. If there is a failure of the secondary coolant passing, say, to a steam genera-
tor, then the output of energy from the system is reduced and the thermal
energy storage of the system must increase, leading to an increase of tem-
perature in all the primary circuit components. In some systems (such as
pressurized-water reactors) this will also lead to an increase in the primary
system pressure, and the consequences of this must be carefully evaluated.

2. If there is a failure in heat extraction from the fuel elements by the primary
coolant, then the energy produced by the fuel elements must be stored
within the fuel elements themselves, giving rise to a rapid increase in tem-
perature.

The concept of the energy balances associated with transient conditions can
also be applied to the case of heat release via breaks in the reactor circuit.
These will lead to a loss of primary circuit coolant, reducing the amount (or izn-
ventory) of this coolant in the circuit. If the coolant is released from the circuit
in the form of a vapor, it takes with it much more energy than if it is released in
the form of a liquid, and this is advantageous in reducing the energy storage
(e.g., the amount of heat stored in the fuel elements) during the transient situa-
tion. We shall return to this point in discussing the specific case of pressurized-
water reactors (PWRs) in Section 4.3.

A very extreme case of heat retention in the fuel is that where no heat at all
is removed from the fuel following a transient leading to a reactor trip. This case
is illustrated in Figure 4.1. Initially, the fuel temperature becomes equalized,
which gives rise to an initial relatively rapid increase in the fuel surface temper-
ature as shown. The fuel element continues to heat up because of heat released
during fission product decay, and this rate decreases with time as the fission
products gradually disappear. The fuel will ultimately reach its melting point,
however, and in designing for the various levels of transient condition it is ob-
viously important to prevent this from occurring. The rate of rise of temperature
of the fuel will depend on the initial heat rating, which determines the amount
of fission products present at any given time. The temperature transients also
differ from fuel to fuel and from reactor to reactor.

Having introduced the general principles of design in response to various
transients, the types of occurrence and system design in response to them for
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Figure 4.1: Adiabatic heat-up for PWR fuel (17 x 17).

water reactors (PWR, BWR, and CANDU), gas-cooled reactors, and fast reactors
will be discussed. First, however, we will illustrate some of the points by using
a homely example—making tea with a domestic electric kettle.

4.2 THE ELECTRIC KETTLE

The stages in tea making are illustrated in Figure 4.2. The electric kettle (re-
ferred to by our publisher as the “English samovar”) is first filled with water (a)
and then connected to the main electricity supply (b). Ultimately, the water in
the kettle boils (¢), and the tea is brewed (d).

We may represent the stages illustrated in Figure 4.2 in more scientific terms
by plotting graphs (as shown in Figure 4.3) of the following quantities:

The amount of water present in the kettle—the inventory.
The power input to the element

The temperature of the water

. The surface temperature of the element

N O N

The temperature of the element windings
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As will be seen, the kettle has many of the characteristics of a reactor system.
Since it does not have any recirculating coolant, its temperature rises until the
boiling point of the liquid is reached, at which point boil-off of the liquid oc-
curs. When the kettle is partially emptied (simulating a loss-of-coolant acci-
dent), the temperature of the surface of the heating element increases. The

(a) ’ (b)

(c) (d)

Figure 4.2: Cooling a kettle.
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Figure 4.3: Analysis of kettle transient.
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sequence of events shown in Figure 4.3 illustrates the case of rewetting or
quenching, which occurs when the kettle is returned to its normal position and
the remaining water quenches the hot heating elements with a very audible
hiss. Furthermore, modern kettles are equipped with engineered safety systems;
for instance, kettles often have a device that ejects the plug by means of a
spring actuated by a bimetallic strip if the kettle boils completely dry during the
boil-off period. In fact, even newer kettles have a device that detects the emis-
sion of vapor and switches the kettle off in a more easily reversible way when
the water is boiled; this is another form of an engineered safety system.

The big difference between the kettle and a reactor system is that in the case
of the kettle, the safety systems are able to switch off the power input com-
pletely and any overheating occurs principally as a result of stored energy
within the heating element. In a reactor, however, fission product heating con-
tinues at a low rate relative to full power after the reactor has been shut down.

It is also interesting to compare the kettle with the reactor in the context of
failure of the engineered safety systems. Plug ejection might occur several times
during the lifetime of a kettle; reinstatement of the operation of the kettle can
be achieved immediately afterward. However, should the plug fail to be ejected
(due to, say, corrosion of the spring), then heating of the element will continue
and can lead to its melting. Failure of the engineered safety systems leads to the
need for a major repair of the kettle, and this would certainly also be the case
in the nuclear reactor.

4.3 PRESSURIZED-WATER REACTOR

On a worldwide basis, the PWR is the most common power-generating reactor.
It is appropriate, therefore, to deal with the various operating states and postu-
lated accident conditions for this reactor in some detail, using the framework
laid out in Section 4.1.

4 3.1 Operating States of the PWR

The situation in normal operation of a PWR is illustrated in Figure 4.4. The pri-
mary circuit consists of a pump that passes water at 292°C from the steam gen-
erator through the reactor core, where it is heated to 325°C (it does not boil at
this temperature since it is at high pressure). This hot water passes back
through the U-tubes in the steam generator, where it cools down to 292°C; the
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water on the secondary side of the steam generator is boiled to generate steam,
which passes out of the containment to the turbines, is subsequently con-
densed, and returns through the feedwater pump to the secondary side of the
steam generator. Also shown in Figure 4.4 are the various circuits for emer-
gency core cooling water injection into the primary circuit (i.e., the emergency
core cooling system). These consist of:

1. The accumulators. These are large vessels containing water that are pressur-
ized with nitrogen gas. They are connected to the primary circuit via auto-
matic valves, which open if the primary circuit pressure falls below a preset
level (typically 40 bars).

2. A high-pressure injection system (HPIS). This allows pumping of water into the
system at pressures of about 100 bars, though normally at a relatively low rate.

3. A low-pressure injection system (LPIS). This allows water to be pumped at a
high flow rate into the reactor, provided the reactor is at a low enough pres-
sure (typically below 30 bars).

The combination of emergency core cooling injection systems thus allows a
response to a variety of reactor depressurization and loss-of-coolant accidents.

ML N,

Main feedwater
pump

D \as

> | EE Auxiliary feedwater
= RE pump
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-_F e ” j

Figure 4.4: Diagrammatic representation of PWR primary and secondary circuits and
the emergency cooling systems.
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If water escapes from the primary circuit, it collects in a sump at the bottom of
the containment vessel and may be recirculated from there through the ECCS
pumps back into the primary circuit. In the LPIS, the flow passes back to the re-
actor through a heat exchanger, where it is cooled by the component cooling
water system (CCWS). This provides a means of long-term decay heat removal
from the reactor in the event of a loss-of-coolant accident. Note that the LPIS
pumps can also be used to inject a spray of water into the containment to con-
dense any steam present in the containment, thereby reducing the containment
pressure in the event of an accident.

It is helpful in discussing PWR operational states to represent the operation
in terms of a pressure/temperature map as illustrated in Figure 4.5. The solid
line in Figure 4.5 represents the saturation temperature (or boiling point) as a
function of pressure. The PWR must operate at a temperature to the left of this
line to ensure that steam is not formed in the reactor. Figure 4.5 presents the
operating conditions, showing the inlet and outlet temperatures at the operating
pressure. The reactor pressure control is achieved in the pressurizer (see Figure
4.4) by having a body of liquid in contact with vapor at the saturation pressure.
By raising or condensing steam within the pressurizer, the reactor circuit (which
is connected to the pressurizer) is maintained at a fixed pressure. Thus, in terms
of Figure 4.5, the pressurizer operates on the saturation curve as shown.

The reactor may reach the saturation condition by either increasing temper-
ature or decreasing pressure. The most common way to reach saturation condi-
tions is by depressurization, as illustrated. If the depressurization occurs by
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Figure 4.5: PWR operating conditions
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means of a leak from the primary circuit, the initial rate of depressurization is
extremely high. Once saturation conditions are reached, however, the rate of
depressurization is much slower and may even reverse, with the reactor in-
creasing in pressure for a short time.

Start-up and shutdown of the reactor must be carried out very carefully to
avoid transients that would bring the reactor into a saturated state, with conse-
quent vapor generation. It is also very important to avoid pressurizing the reactor
vessel at too low a temperature. Doing this may cause existing small and insignif-
icant defects in the vessel to extend and form significant cracks. The zone shown
on the left-hand side in Figure 4.5 must also be avoided during operational tran-
sients such as start-up and shutdown. Thus, there is a “window” for operation that
is bounded at both low temperature and high temperature as illustrated. In prac-
tice, the reactor is brought to its operating condition rather slowly over a period
of about 24 h. A controlled return to cold shutdown also takes about 24 h.

The upset operating states of a PWR can be categorized as follows:

1. Upsets leading to a change in the primary-side coolant inventory. This could
be (as illustrated in Figure 4.6) a loss of fluid through a relief valve or
through some other service line to the reactor. The primary-side inventory
may also be increased by inadvertent pumping of water into the circuit
through the high-pressure charging pumps. In the latter case, the pressurizer
may become totally flooded with water and pressure control may be lost.

2. Upsets in the secondary-side beat removal capability. This could include loss
of feedwater supply or changes in feedwater temperature, maloperations of
the main steam-isolating valves, a turbine trip, or maloperation of pressure-
regulating valves and/or safety valves (see Figure 4.7).

3. Other upset conditions (see Figure 4.8). These include inadvertent malopera-
tion of the control rod system and the possibility of a trip on one of the main
reactor coolant pumps.

Emergency events in a PWR include (as illustrated in Figure 4.9) stucl-~nen
pressure relief valves, a small break in the steam line, a small break in the pri-
mary circuit inlet pipe, and a loss of flow on all the reactor coolant pumps.

Limiting faults (defined in Section 4.1) in a PWR system are illustrated in Fig-
ure 4.10 and include a large break in the outlet steam line, a large break in the
inlet primary circuit pipe, a steam generator tube rupture, the seizing up of the
rotor on one of the main coolant circulating pumps, and the failure of a control
rod mechanism housing (a control rod ejection accident). Of these, perhaps the
most famous and most widely considered is the primary circuit inlet pipe failure
(the design base accident for the PWR).
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Figure 4.6: PWR upset conditions: control of primary-side inventory.

Figure 4.7: PWR upset conditions: control of secondary-side heat removal
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Figure 4.8: PWR upset conditions: other initiating situations.

Figure 4.9: PWR emergency conditions.
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Figure 4.10: PWR limiting faults.

4.3.2 Energy Balances in the PWR under Fault Conditions

A typical PWR generating about 1100 MW(e) of electrical power would have a
decay heat generation of about 200 MW(t) immediately after shutdown. This
compares with 3400 MW(t) thermal energy generation immediately before shut-
down. Removal of this decay heat is well within the capability of the low-pressure
cooling system illustrated in Figure 4.4 provided the reactor can be depressurized
rapidly enough to bring these into operation. Alternatively, if the steam generators
can be operated effectively with the auxiliary feedwater system that is automati-
cally switched on when the reactor trips, the decay heat can be removed via the
steam generators, even at high pressure. A major difficulty arises when neither of
these systems can be brought into play for reasons that will be described in Chap-
ter 5. This is what happened in the Three Mile Island accident.

If the low-pressure cooling system and the steam generators are unavailable
as a cooling mechanism, the only recourse is to feed water into the system via
the high-pressure injection systems and the charging pumps (the pumps used
to maintain the inventory of the system under normal operating conditions), the
injected water bleeding out through the break. It is interesting to consider how
the exiting fluid carries energy with it. The system is illustrated schematically in
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Figure 4.11. If the water fed to the reactor is evaporated and exits as steam, this
represents the maximum rate of energy release possible. If, on the other hand,
the fluid leaves the reactor in the form of liquid water, not only is the discharge
rate high (reducing the coolant inventory in the system) but the energy con-
tained in the discharge is low relative to that in steam at the same mass flow
rate. For these reasons, it is preferable to discharge steam rather than water. Dis-
charges in the upper part of the circuit usually contain more energy than those
in the lower part, where the existence of liquid water is more likely under tran-
sient accident conditions.

Taking the case of steam ejection from the reactor circuit, one can estimate that
the maximum rate of ejection corresponds to the release of 17,000 MW of energy
per square meter. To eject the steam that could be generated by the decay heat
just after shutdown, a hole of area 0.011 m? would be required, corresponding to
a hole diameter of 12 cm. The hole size required to reject the decay heat as a
function of time from reactor shutdown (taking into account the decrease in
decay heat rate as a function of time; see Table 2.2) is shown in Figure 4.12. One
hour after shutdown the required hole size has dropped to 3.8 cm.

If the actual break size is bigger than that required to release the energy in
the form of steam, the energy lost will be greater than that being generated and
this will result in depressurization of the primary circuit. Such a depressurization
may quickly lead to actuation of the low-pressure emergency heat removal sys-
tems. However, if the break size is smaller than that required to remove the en-
ergy, then energy will be stored within the reactor system, leading to
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Figure 4.11: Energy outflows as steam and water.



Loss of Cooling 109

0.011

as steam (m?)

0.005- \
\

X

Hole area required to reject decay heat

) 10 100 1000 10,000
Time ( seconds )

Figure 4.12: Hole sixe to remove decay heat as steam.

pressurization of the primary coolant. The system may be partly controllable if
the power-operated relief valves (PORVs) can be opened to increase the escape
of steam and facilitate energy release. The PORVs are located on top of the
pressurizer, and a typical PWR would have two such valves with a total flow
area of about 0.002 m?, giving an energy release capacity as steam of about 34
MW. This is clearly much lower than the 200 MW of energy release corre-
sponding to the decay heat immediately after reactor shutdown. In fact, it might
be advisable to consider increasing the size and/or number of PORVs in future
reactor designs to allow a higher rate of energy release.

If a break occurs and the available PORV area is insufficient to allow the en-
ergy release, the reactor system will continue to pressurize, ultimately actuating
the spring-loaded safety valves, whose total area is likely to be sufficient to
allow the energy release. However, the latter form of release is somewhat un-
controlled. The valves actuate and reseat at a specific pressure.

4.3.3 The Large-Break LOCA in the PWR

The classical design basis accident for a pressurized-water reactor is the
large-break loss-of-coolant accident (LOCA). It is assumed that in this accident
one of the inlet pipes from the circulating pump to the reactor vessel is com-
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pletely broken and moved apart to allow free discharge of the primary coolant
from both broken ends. This kind of break is called a “double-ended guillotine”
break or a “200%” break. Because this break is commonly believed to represent
about the worst accident that could happen to a water reactor circuit, it has
been chosen as the basis for the design of the emergency response systems.

The sequence of events following the break is shown in Figures 4.13 to 4.17,
which illustrate the situation in the whole reactor circuit. A more detailed illus-
tration of the events within the reactor vessel itself is given in Figure 4.18. The
main phases are as follows:

1. Blowdown phase. Under normal operation (Figures 44 and 4.18a), water
flows through the inlet pipes (the cold legs) to the reactor vessel, down the
annular space around the core, up through the core, and out through the
vessel outlet pipes (bot legs) to the steam generator. When a large break oc-
curs in one of the cold legs, the contents of the reactor vessel and primary
loops are blown down through the break as illustrated in Figure 4.13 and
4.18b. After a very rapid initial depressurization, the pressure falls more
slowly due to the creation of a two-phase steam-water mixture in the vessel
and circuit, the mass flow of such a mixture through a break being much
lower than that for a single-phase liquid. After about 10 s, the pressure has

Blowdown phase time = 0-20 seconds

Figure 4.13: Large LOCA: blowdown phase (0-20 s).
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By-pass phase time = 20-30 seconds

Figure 4.14: Large LOCA: bypass phase (20-30 s).

Refill phase time = 30-40 seconds

Figure 4.15: Large LOCA: refill phase (3040 s).
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Reflood phase time = 40-250 seconds

Figure 4.16: Large LOCA: reflood phase (40-250 s).

Long term cooling time = >250 seconds

Figure 4.17: Large LOCA: long-term cooling phase.
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Figure 4.18: Events in the reactor pressure vessel during a large-break LOCA. (@)
Normal operation; (b) blowdown phase; (¢) refill phase; (@) reflood phase.

fallen to that for initiation of flow from the high-pressure injection system
and the accumulators into the ECCS line in the cold legs.

2. Bypass phase. After the initiation of the ECCS, starting with the HPIS and the
accumulators, there is still a significant upward flow of steam in the down-
comer annulus through which the cooling water normally flows. This steam
flow prevents the accumulator ECCS water from entering the region of the
vessel below the core (the lower plenum), and the water simply bypasses the
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upper part of the inlet annulus and flows out through the break, as illustrated
in Figures 4.14 and 4.18c.

3. Refill phase. Filling of the lower plenum (the refill phase—Figures 4.15 and
4.18¢) begins after further depressurization, when the steam flow up the an-
nulus has dropped to a sufficiently low value that it can no longer restrict the
ingress of ECCS water. By this stage, the LPIS system will also have been ini-
tiated. In a typical PWR, refilling of the lower plenum starts about 23 s after
the initial break, and it takes 17 s to fill the lower plenum with liquid, ending
this refill phase of the accident.

4. Reflood phase. At a very early stage in the blowdown phase, the core has
dried out and the fuel element temperatures rise rapidly, after which they fall
relatively slowly due to the existence of substantial steam flows in the core.
Typically, the fuel element temperatures rise to around 1000°C. This leads to
rupture of the fuel elements, which release gaseous fission products into the
primary circuit and, via the break, into the containment vessel. The behavior
of typical fuel elements as a function of temperature is shown in Table 4.2.
When the lower plenum is filled, the reflood phase begins (Figures 4.16 and
4.18d), with the fuel elements beihg rewetted from the bottom upward. Es-
sentially, a constant liquid head is tnaintained in the inlet annulus during this
phase, with excess ECCS water overflowing through the break as illustrated.
As the fuel elements rewet, a considerable volume of steam is formed and
entrained liquid droplets flow before the rewetting front and pass into the
upper plenum. The steam-droplet mixture passes from the upper plenum,
through the steam generator, through the circulating pump, and back into
the cold leg, flowing out through the break. The water droplets tend to evap-
orate in the steam generator due to the backflow of heat from the secondary-
side (still hot) fluid. The resistance presented by the outflow route causes a
back pressure in the upper plenum, which restricts the rate at which the re-
flood can take place. This phenomenon is often referred to as steam bind-
ing. The highest resistance of the upper plenum, through the steam
generator and circulating pump, to the break would occur when all of the
droplets issuing from the core passed to the steam generator and the circu-
lating pump rotor was locked stationary. However, the resistance is much re-
duced, and the flooding rate greatly increased, if the droplets deposit out on
the upper plenum structures and thus are not carried out of the vessel, and
if the pump rotor is still rotating.

5. Long-term cooling. In the long term, the situation is as illustrated in Figure
4.17. Water is passed to the unbroken cold leg from the LPIS injection
pump and maintains a head of liquid that drives water through the core by
natural circulation. Steam maybe generated in the core and may escape
with the overflow water through the break as illustrated. This generated
steam is condensed by sprays in the containment, which are also fed from
the LPIS pump.
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Table 4.2 » Temperatures at Which Significant Phenomena Occur during Core Heat-Up

Temperature (°C) Phenomenon
350 Approximate cladding temperature during power operation.
800-1500 Cladding is perforated or swells as a result of rod internal gas

pressure in the postaccident environment; some fission gases are
released; solid reactions between stainless steels and Zircaloy
begin; clad swelling may block some flow channels.

1450-1500 Zircaloy steam reaction may produce energy in excess of decay heat;
gas absorption embrittles Zircaloy, hydrogen formed. Steel alloy melts.

1550-1650 Zircaloy-steam reaction may be autocatalytic unless Zircaloy is
quenched by immersion.

1900 Zircaloy melts, fission product release from UO, becomes increas-
ingly significant above 2150 K.

2700 UO, and ZrO, melt.

In carrying out the design of a PWR, two types of calculations are usually em-
ployed, based on an evaluation model or on best-estimate methods. With an
evaluation model, the various phenomena are represented by equations and as-
sumptions that are postulated to give the worst conceivable result. For instance,
it is normally assumed that there is no penetration of ECCS water during the
blowdown phase. In best-estimate methods, the best available physical models
are used for the various phenomena and an attempt is made to calculate the sys-
tem behavior on the basis of these models. It should be pointed out, however,
that the calculation of two-phase flows, particularly for the rapid transient condi-
tions and large pipe sizes encountered in reactors, is still at an uncertain stage.
As explained in Chapter 3, two-phase flows are very complex and in many re-
spects poorly understood. It would be unsatisfactory to rely on two-phase mod-
eling as a basis for reactor design. Some critics claim that the uncertainties in
two-phase flow predictions imply that the reactor is unsafe. We do not share this
view. From our long experience, we would agree with the assessment of the
current state of modeling of two-phase flows but disagree that the reactor design
is based on the results of such modeling. This design must satisfy very conserv-
ative criteria that do not depend on knowing about the details of two-phase flow
behavior.

Figure 4.19 shows the variation of peak clad temperature as a function of time
calculated from the evaluation and best-estimate models, respectively. The con-
tinuous line was calculated by using the conservative evaluation approach; the
best-estimate values are shown as error bars.
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Figure 4.19: Variation of peak clad temperature with time for a large-break LOCA.

4.3.4 The Small-Break LOCA

Before the accident at Three Mile Island, most attention was focused on the
postulated large-break LOCA. However, the Three Mile Island incident sharply
focused attention on the fact that a small break (typically up to sizes where the
reactor remains pressurized despite the break, say, up to 12-cm-diameter holes)
in the primary circuit was, in fact, much more likely. At Three Mile Island this
small break was due to a stuck-open power-operated relief valve. It could,
however, also have occurred as a result of the break in one of the large number
of small pipes attached to the primary circuit. Figure 4.20 shows a histogram of
the number of pipes attached to the circuit as a function of pipe size and cross-
sectional area. Also shown is the percentage area relative to the main coolant
pipes. Figure 4.20 is for a German PWR design, but the result is likely to be
much the same for other designs.

The most important difference between small-break and large-break acci-
dents is that in the former the reactor depressurizes relatively slowly. Reactor
pressure as a function of time after the break is shown for various break sizes in
Figure 4.21. Since the core may remain at a high pressure in a small-break
LOCA, it is not possible to activate the accumulator or low-pressure injection
system until late in the accident.

A typical sequence for a small-break LOCA is illustrated in Figures 4.22 to
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4.26. As with the large-break LOCA, the most serious effects are found when
the break is in the reactor inlet pipe (the cold legs).

Following the initiation of the break, the pressure falls and the reactor trips.
As the pressure falls below about 100 bars, the high-pressure injection system
comes on. The pressure continues to fall to around 70 bars, when the hottest
liquid in the circuit starts to vaporize and produce steam. First, the water in the
pressurizer vaporizes. As the saturation condition is reached throughout the
hotter parts of the primary circuit, steam bubbles form and because the pumps
are stopped, will settle out in the upper part of the reactor as shown in Figure
4.22 There has been considerable controversy about whether to leave the cir-
culating pumps operating or to stop them during a LOCA. If left on, they may
assist in circulating liquid through the core, promoting its cooling. On the other
hand, they may aid the loss of fluid by pumping it out through the breach. Cur-
rent rules for operating PWRs indicate that the pumps should be stopped, this
being considered to give the balance of advantage in general.

As a result of depressurization, steam forms and collects in the upper head of

Initial stages time = 0-10 seconds

Figure 4.22: Small-break LOCA: initial phase.
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the reactor but cannot escape via the breach because of the arrangement of the
pipework. However, the loss of water is quite rapid, though it removes a rela-
tively small amount of energy from the system. The water drains down to the
level of the water inlet-outlet pipes on the reactor pressure vessel (the “noz-
zles”) in about 250 s, during which the pressure may be maintained at a high
level and still inhibit the actuation of the accumulators and LPIS.

During this phase, the steam generators are voided (i.e., their original water
content is lost through the break) on the primary side, the steam from the reac-
tor having access to the steam generators, as illustrated in Figure 4.23. Obvi-
ously, the steam generators represent a potential heat rejection source, with the
steam from the reactor core being condensed in the steam generator tubes and
flowing back down the tubes and into the core Figure 4.23). However, this ben-
eficial action is conditional on the secondary side being at a sufficiently low
pressure (and corresponding low saturation temperature) to allow heat to be
extracted via the secondary circuit. Assume, for instance, that the secondary-
side pressure remains at its normal operating value of 70 bars (1000 psia) while

Reflux condensation time =10-220 seconds

Figure 4.23: Small-break LOCA: reflux condensation.



120 INTRODUCTION T O NUCLEAR POWER

the steam from the primary system is arriving at the steam generators also at 70
bars. In this situation the saturation temperatures are identical and no conden-
sation can take place. Therefore, it is imperative in this type of accident that sec-
ondary-side cooling or depressurization is carried out.

Because of the continuing loss of water from the system, the core begins to
dry out from the top downward (so-called core uncovery), as illustrated in Fig-
ure 4.24. The system is still pressurized due to the formation of steam, which
cannot escape through the cold leg break, being blocked by the water in the
vessel and the pump. The pump has a U-bend under it (the pump loop seal),
and this remains full of water and blocks the steam from flowing from the ves-
sel through the steam generator and pump to the break. The level in the pump
side of the loop seal near the break (i.e., left-hand side of the loop seal at the
left in Figure 4.25) is roughly equal to the level of water in the vessel since the
two levels are connected by the (voided) steam generator and pump. Only
when the levels reach the bottom of the U-bend can the steam pass the loop
seal. At this point, steam from the core passes through the pump and out along
the cold leg to the break. This results in a rapid depressurization. The water in

First core uncovery time = 220-280 seconds

Figure 4.24: Small-break LOCA: first core uncovery.
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Loop seal blowout time = 280-310 seconds
second uncovery

Figure 4.25: Small-break LOCA: loop seal blowout and second core uncovery.

the remaining part of the core partially vaporizes, and the mixture of water and
steam bubbles formed rewets the upper part of the core. As depressurization
proceeds, the core may be dried out again (as in a large-break LOCA). How-
ever, the depressurization permits actuation of the accumulator and LPIS sys-
tems, and these rapidly reflood the core and bring it to a cold condition. In the
longer term (usually longer than 350 s) heat is extracted in the way illustrated
for the large LOCA in Figure 4.17.

Figure 4.27 shows the variation of water level and fuel clad temperature for
small-break LOCAs with two different equivalent break diameters. The level of
the two-phase mixture in the vessel is shown. Normally, the cooling is good for
regions of the core that are in contact with this mixture, the core being over-
heated above this level. The mixture level is much higher than the level of the
liquid without steam bubbles would be. The latter level is referred to as the col-
lapsed liquid level, and the phenomenon of increase of level due to the pres-
ence of the bubbles is termed level swell. A similar phenomenon occurs in
dispensing glasses of beer.
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4 3.5 Alternative ECCSs

The descriptions above apply mainly to a typical U.S. PWR, where the emer-
gency core cooling water is injected into the coolant inlet pipes (the cold legs)
only. Alternative ECCSs have been used, the most important being that used in
the German PWR, where the emergency core cooling water is injected into both
the cold legs and the hot legs (the coolant outlet pipes from the reactor vesseD).
Such combined injection is claimed to offer advantages in more rapid quench-
ing of the core and in lower peak cladding temperatures during a large-break
LOCA. In the case of the small-break LOCA, it is claimed that faster depressur-
ization occurs, allowing early actuation of the accumulator and LPIS systems.

4.4 BOILING-WATER REACTOR

The boiling-water reactor, like the PWR, has multiple provisions for cooling the
core in the event of an unplanned depressurization or loss of coolant within the
reactor. A typical BWR emergency core cooling system is illustrated in Figure
4.27 It is composed of four separate subsystems, namely the high-pressure
corespray (HPCS) system, the automatic depressurization system (ADS), the
low-pressure corespray (LPCS) system, and the low-pressure coolant injection
(LPCD) system.

The HPCS pump takes water from the condensate storage tank and/or the
pressure suppression pool as shown in Figure 4.27 The water in the system is
piped into the vessel and feeds semicircular perforated rings that are designed
to spray water regularly over the core and onto the fuel assemblies. This system
operates over the full range of reactor pressure and is activated when the water
level in the reactor drops below a preset level or the pressure in the contain-
ment vessel reaches a high value.

If the HPCS cannot maintain the water level or if it fails to operate, the reac-
tor pressure is reduced automatically by operation of the ADS, which dis-
charges fluid from the vessel into the pressure suppression pool. The
depressurization allows the LPCI and LPCS systems to come into operation, and
these provide sufficient cooling. The LOCS pump takes its water from the sup-
pression pool and discharges from a circular perforated pipe in the top of the
reactor vessel above the core; it is actuated in much the same way as the HPCS.
The LPCI system is used for residual heat removal on a long-term basis.
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441 Large-Break LOCA in a BWR
(the Design Basis Accident)

The most serious accident considered for the design basis of a BWR begins with
the rupture of one of the pipes connecting the (external) circulating pump with
the reactor vessel as illustrated in Figure 4.28 This initial rupture produces a
more gradual depressurization than is the case in a PWR, since the pipe is con-
siderably smaller than the main pipework in a PWR system (50 cm compared
with 80 cm in a PWR). Other factors restricting the depressurization rate are the
facts that the reactor vessel contains about 40% steam by volume and that the
steam line is shut off within a few seconds, isolating the vessel from the main
heat sink (the turbine) so that the system coolant can escape only from the
break. Although the flow in the damaged loop would reverse due to the break,
core cooling is maintained during the early part of the accident since the feed
pump continues to rotate (coast down) for some time, feeding water to the ves-
sel, and circulation continues in the undamaged loop. Eventually the feed
pump flow stops and the suction of \tlhe jet pumps (which circulate liquid in the
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Figue 4.28: Hypothetical BWR LOCA event: time of initiation.
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vessel) becomes uncovered, causing the core flow rate to drop to zero (Figure
4.29). Due to this core flow stoppage, the core begins to dry out and increase
in temperature after about 10 s from the initiation of the break. The flow at the
break switches mainly to steam, the water in the annular space containing the
jet pumps being completely discharged, and steam formation occurs in the
lower plenum as the system pressure decreases more rapidly. Vaporization oc-
curring in this way because of depressurization is often referred to as flashing,
and the effect of lower plenum flashing is illustrated in Figure 4.30. The flash-
ing effect causes a two-phase mixture to flow up through the jet and the core,
resulting in enhanced core heat transfer during this period.

After about 30 s, the emergency core cooling system is triggered and the au-
tomatic depressurization system operates, reducing the vessel pressure and al-
lowing the LPCI and LPCS to come into operation. In the boiling-water reactor,
the fuel is in the form of fuel elements consisting of a number of fuel pins
mounted in a shroud, i.e., a rectangular box open at the upper and lower ends.
The systems inject water above the core, and this water flows into the lower
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Figue 4.29: Hypothetical BWR LOCA event: time at which jet pump suction is uncovered
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Figue 4.30: Hypothetical BWR LOCA event: lower plenum flushing.

plenum down the shroud surrounding each fuel element. The existence of this
water near the fuel elements causes them to heat up much more slowly, and,
eventually, water passing down the shroud into the lower plenum floods the
lower plenum and water begins to rise through the core, quenching it in much
the same way as in the PWR. Just as in the PWR, during this reflooding phase,
the reflood rate is limited by the rate at which the generated steam can es-
cape—the steam binding effect. This phase of the LOCA event is illustrated in
Figure 4.31. Figure 4.32 shows a typical calculated temperature response of the
shroud (channel) and fuel rods during a BWR LOCA.

4.4.2 Small-Break LOCAs in BWRs

The analysis of BWRs must also consider the full range of break sizes. Peak clad
temperatures tend to be highest in the design base accident (i.e., full pipe rup-
ture) described above. Peak clad temperature increases with break size in the
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range (0~100 cm? and then falls with break size before rising again, reaching the
value for 100 cm? again at around 1000 cm? and subsequently rising again con-
tinuously with break size up to the maximum possible size, i.e., full pipe rupture.

4.5 CANDU REACTOR

In the CANDU reactor, the coolant is distributed to and collected from the core
by pipes known as beaders, which are connected in turn to each of the fuel
channels by other tubes known as feeders. The circuit for the CANDU reactor is
illustrated schematically in Figure 4.33.

If a loss-of-coolant accident occurs, emergency coolant is injected into all the
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Figure 4.33: Simplified diagram of a CANDU heat transport system (and ECI system).
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headers by a separate emergency coolant injection (ECI) system. This system
supplies light water to the reactor during the LOCA as shown schematically in
Figure 4.33. The system has a high-pressure injection stage in which gas pres-
sure is employed to inject the water into the headers in a manner similar to the
accumulators in the PWR. In some designs, this gas-pressurized system is re-
placed with high-pressure pumps that draw water from an emergency water
tank. When the high-pressure supply is exhausted, water is pumped at a lower
pressure from a separate water tank and fed into the reactor. Finally, the water
being emitted from the reactor circuit into the containment building is recov-
ered and pumped back to the headers via a heat exchanger that cools the en-
tering water stream.

With the CANDU reactor, there are two main disadvantages related to be-
havior during a LOCA:

1. The reactor channels are horizontal. This means that if steam voids are
formed on the channel, the water phase separates toward the bottom of the
channel, leaving the top part of the channel in steam and relatively un-
cooled. This gravitational stratification effect is of great importance in con-
sidering the behavior of the fuel following a LOCA.

2. The CANDU reactor has a positive void coefficient; i.e., when voids are
formed in the heavy-water coolant, the reactivity increases because the cre-
ation of the voids in the fuel channel makes little difference to the overall
volume of moderator in the system. Thus, the neutron absorption in the
heavy water in the fuel channels is removed and the reactivity increases. In
a typical transient the fuel power can increase by a factor of 2 within 1 s after
the accident, followed by a rapid decrease as the shutdown systems begin to
operate. In view of these positive reactivity effects, it is important, for safety,
to have two independent shutdown systems, as illustrated in Figure 4.34. In
the first system, cadmium shutoff rods fall under gravity from the top of the
reactor. In the second a neutron-absorbing solution (poison) is injected
through horizontal nozzles into the heavy-water moderator surrounding the
fuel channels.

Another potential problem with the CANDU reactor under LOCA condi-
tions (with a break, say, in the inlet header) is that of flow stagnation. Water
is sucked out of one end of the channel by the pump and leaves from the
other end of the channel toward the break. The center part of the channel can
therefore be stagnant, and this leads to rapid overheating of the fuel In the
design of the CANDU reactor, careful attention must be given to these poten-
tial problems. However, there are two mitigating features of CANDU reactors
that help in this regard:
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1. In accidents that cause the fuel and pressure tube to heat up, substantial
amounts of heat can be transferred to the moderator, which can serve as an
in-core heat sink.

2. Since the control rods that penetrate the cold, low-pressure moderator are
operating under low-temperature conditions, it can be argued that the sys-
tems are much more reliable than those which operate at high temperature
and pressure. A more detailed review of the safety of CANDU reactors is
given by Snell, V.G., et al. (1990).

4.6 GAS-COOLED REACTORS

The safety of both Magnox reactors (Figure 2.4) and advanced gas-cooled reac-
tors (AGRs) (Figure 2.5) has common elements, and the two reactor types will
be dealt with together here. However, many of the detailed points are more
relevant to the more modern form of gas-cooled reactor, namely, the AGR.

Using the classification of operational states outlined in Section 4.1, we regard
the following forms of transient behavior as relevant:
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1. Operational transients. Operational transients of the type encountered in
water reactors—e.g., the problems of start-up and shutdown and of variation
of load during operation—are also found in gas-cooled reactors. Attainment
of criticality in the reactor is controlled by the operator, who is prevented by
various interlocks from carrying out actions that are potentially hazardous.
For instance, the control rods may not be raised until the main reactor pro-
tection system is operative. Another form of operational transients that oc-
curs in gas-cooled reactors is associated with replacing used fuel elements
with new ones (refueling) while the reactor is operating at power. Briefly,
this process demands attaching a small pressure vessel to the cooling chan-
nel, breaking into the primary system and extracting the fuel element into
the subsidiary pressure vessel, releasing a new fuel element from the sub-
sidiary pressure vessel (sometimes called the refueling machine or recharg-
ing machine), and sealing the primary circuit before removing the spent fuel
element for further processing.

2. Upsets. Again, similar upset conditions are encountered in gas-cooled reac-
tors and water-cooled reactors. An upset can consist of loss of site power, a
turbine trip, or faults on the secondary/steam side. An example specific to
the gas-cooled reactor would be failure of one of the gas circulators.

3. Emergency conditions. Interruption of the normal electricity supply to the
power station represents the emergency condition in gas-cooled reactors. An
automatic reactor trip shuts down the fission reaction and is initiated by a
drop in circulator supply voltage or in circulator speed. Upon loss of electri-
cal supplies from the grid, diesel generators are brought into operation auto-
matically to provide essential power supplies to the plant, including the
circulators. Heat is extracted from the circulating gas by means of special
heat exchangers known as decay beat boilers. The AGRs are designed such
that even if it is not possible to maintain circulator rotation, natural circula-
tion of the gas through the core and then through the decay heat boilers will
be sufficient to remove the decay heat. The effectiveness of this process is il-
lustrated in Figure 4.35. It is estimated that natural circulation flow represents
about 2% of the normal full-power flow, whereas, as shown in Figure 4.35,
any flow above about 0.35% of the normal flow would be sufficient to main-
tain the fuel temperature below the maximum allowable value of 1350°C to
prevent excessive clad corrosion. Other faults leading to emergency condi-
tions include:

a. Boiler feedwater faults. Loss of boiler feedwater would lead to an
increase in coolant gas outlet temperature from the boiler that could, if
sufficiently severe, potentially damage the gas circulator. The reactor is
tripped and posttrip cooling is provided by the decay heat boiler system.
b. Steam line breaks. The AGR is divided into four quadrants, each of
which has two circulators and two boilers with associated control and
protection systems. Failure of a steam main from one of the boilers could
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Figure 4.35: AGR temperature following a reactor trip with cooling by natural circulation.

at worst, render two quadrants of the plant unavailable. Again, the reactor
is tripped and posttrip cooling is provided by the main boilers and the
decay heat removal boilers.

c. Water entering the reactor. A fault in the boiler could lead to water
entering the primary coolant circuit. The presence of steam arising from
the boilers would give a rapid increase in pressure, causing a reactor trip.
The reactor pressure vessel is protected against overpressurization by
safety relief valves.

4. Limiting fault conditions. For gas-cooled reactors, typical faults in this cate-
gory might be:

a. Depressurization following a breach of the primary circuit outside the
prestressed concrete pressure vessel, e.g., through a stuck-open safety
valve or a break in the pipework in the gas purification plant.
b. Withdrawal of a group of control rods either at power or with the
reactor shut down.
¢. Single-channel faults resulting from blockages or fracture of the graphite
sleeves surrounding the fuel element. Of these limiting fault conditions,
the depressurization fault is considered the most severe and is discussed
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4.6.1 Design Basis Accident for the AGR: Depressurization Fault

The heat transport capacity of carbon dioxide falls essentially in proportion to
its density; in a depressurization from 40 bars to 1 bar (atmospheric pressure)
the density is reduced by a factor of 40, reducing the heat transport capacity
similarly. Provided the reactor is tripped as a result of the depressurization, the
reduction in heat removal capacity is quite closely matched by the reduction in
heat generated in the fuel in going from normal operation to shutdown (where
there is only decay heat to consider). Thus, it should not be necessary for fuel
temperatures to rise significantly above their normal operating values during a
depressurization accident in a gas-cooled reactor.

Guaranteeing heat removal capacity after a depressurization presupposes
that a means is always provided to circulate the coolant adequately. As we saw
above, if the reactor is not depressurized during an emergency condition in
which the circulators become inoperative, natural circulation cooling is suffi-
cient to take away the heat. However, if the circulators are inoperative and the
reactor is depressurized, natural circulation may be insufficient to keep the fuel
temperatures below melting.

There are several mitigating circumstances related to depressurization and
fuel temperature increase in an AGR. First, it is an integral type of circuit (see
Section 3.7), and the majority of components are inside the containment vessel.
Thus, the diameter of the maximum break is limited to about 200 mm. This
means that the depressurization from such a large vessel (which is equivalent in
volume to about 30 PWR vessels) is very slow. Typically, it might take about an
hour to depressurize the vessel from its operating condition to atmospheric
pressure. During this time, the decay heat rate diminishes substantially (see
Table 2.2). However, even at this reduced rate, it is important to keep at least
one of the circulators operational in order to maintain long-term cooling. Thus,
an essential feature of safety protection in an AGR is that of safeguarding the in-
tegrity of operation of the circulators. This is achieved by having diversified
backup electricity supplies to ensure that power is available to drive the circu-
lators together with reliable supplies of water to cool the oil, which is used both
as the circulator seals and for circulator cooling.

Another safety problem related to an AGR is that the prestressed concrete
pressure vessel must be maintained at all times at a temperature less than
100°C. This condition is achieved in normal operation by using cooling water
pipes set into the concrete vessel walls. In handling fault conditions it is impor-
tant to maintain this cooling water supply, and this is done by having auxiliary

and reliable suinnlies availahle on cite Anxiliarv suinnlies are also needed 10 en-
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sure that the feedwater to the decay heat boilers is always maintained.

Finally, the need for assured supplies of electricity, cooling water, and feed-

water means that very great care must be taken to provide a diversity of sup-
plies in case of failure. For instance, there must be at least four sets of diesel
generators to provide electricity for the circulators. The safety of the reactor

would be assured if only one of these was available.

4.7 SODIUM-COOLED FAST REACTOR

The various operational states for a liquid metal-cooled fast reactor (LMFBR)
can be listed as follows:

1.

Normal operation and operational transients. The sodium in the circuit is al-
ways kept in a molten state by heating the whole circuit with electrical resis-
tance heaters wound on all the pipework. This maintains the sodium at a
temperature of at least 100°C (the melting point of sodium is 98°C). The large
pool of molten sodium responds rather slowly to heat input. Thus, the
coolant takes some time ta reach operating temperature.

Upsets. Various categories of upset situations have been postulated for an
LMFBR. Many are similar to those for water- and gas-cooled reactors, includ-
ing loss of load, turbine trip, loss of feedwater, and loss of a single main cir-
culating pump.

Emergency conditions. In an LMFBR, emergency conditions will occur if the
upsets described above cannot be contained within normal operational pro-
cedure. These include the following:

a.  Loss of electric power (and resultant coast-down of the pumps). Loss
of power supply to the primary coolant pumps causes them to coast down
to zero speed. Under these circumstances, the reactor is immediately
tripped and power may be reinstated to the circulators from emergency
supplies (diesel-driven generators) that operate secondary electric motors
(“pony” motors). However, the sodium pool itself represents a major heat
sink. For instance, with the decay heat in the reactor alone, the sodium
pool would take about 24 h to reach the boiling point if there were no heat
removal at all. Moreover, the reactor has decay heat removal heat
exchangers that are connected to the primary circuit and can remove the
decay heat by natural circulation alone, without any electric power input to
the reactor. The final heat sink from these removal systems is the
atmosphere via air-cooled heat exchangers. Even if single-phase natural
circulation is not established immediately after a reactor trip, sodium
boiling in the core is an acceptable means of removing decay heat and the
generation of two-phase flow within the core enhances the natural
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circulation to the extent that single-phase natural circulation is rapidly
established.

b. Inadvertent increase in neutron population in the core. The rate of the
fission reaction in the LMFBR can be increased by inadvertent removal of a
control rod, movements of the fuel (e.g., by the fuel elements becoming
bowed, as happened in the U.S. experimental breeder reactor EBR I
incident described in Chapter 5), or sodium boiling in the core. Sodium
boiling in the inner region of the core causes an increase in the rate of
fission (neutron population), since sodium absorbs neutrons, and if it is
partially vaporized, the absorption is reduced. However, if the boiling
occurs in the outer region of the core, the reduced local density causes
increased leakage of neutrons from the core and gives rise to a reduction in
the fission reaction (neutron population). Thus, the effect of sodium boiling
is usually negative for small reactors such as the prototype fast reactor
(PFR) and positive for larger reactors, where any boiling is likely to be
away from the boundary of the core. Great care must be taken to design
LMFBRs to avoid failure in the control rod insertion mechanism, and
systems are being designed to be capable of self-actuated shutdown,
directly triggered by high temperatures in the core and requiring no out-of-
reactor mechanisms.

c. Local damage within a fuel subassembly. The reactor core consists of
hundreds of separate groups of fuel elements, which can be inserted or
removed independently from the core. A typical subassembly consists of
300 pins 6 mm in diameter and I m long. Since an accident in the Enrico
Fermi reactor (described in Chapter 5), considerable attention has been
focused on the possibility of blockages occurring within individual
subassemblies or groups of subassemblies. If the sodium flow is blocked,
local melting of the cladding and possibly the oxide fuel could occur. The
oxide fuel reacts with the sodium, limiting its useful lifetime, but the failure
of a subassembly can wusually be detected by specially provided
instrumentation. Failure to detect the fault may lead to escalation of the
upset into a fault condition (see below), with debris blocking an increasing
area of the core, reducing the flow, and preventing cooling. Reduction of
flow gives local sodium boiling, and this increases the reactivity in the
region, making the problem worse.

d. Loss of heat removal from secondary sodium or steam systems. Here
the system responds in the manner described for the loss-of-flow upset.
The reactor is tripped and natural circulation cooling is set up, with heat
released by the decay heat removal heat exchangers. The circulators may
still operate under these circumstances; provision is made for driving them
automatically via the pony motors.

To summarize, the primary objective in the design and operation of an
LMFBR is to bring it, in response to the various operating states, to a condition
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such that it can be cooled by either (1) primary circuit cooling by the interme-
diate sodium circuit to the steam generators or (2) primary circuit cooling via
the separate liquid metal coolant circuit to air-cooled heat exchangers. In the
former case, the primary circuit uses forced circulation, while the secondary in-
termediate circuit can rely on natural convection. Emergency boiler-feed is sup-
plied to the steam generators, and the steam produced vented from the circuit.
In the latter case, natural circulation in the primary circuit is sufficient to cool
the core, and indeed if all the heat exchangers are operational, natural convec-
tion is sufficient in the secondary circuit. However, if this is not the case, a pow-
ered fan is necessary to force air across the heat exchanger.

For the fast reactor much attention has been given to the case that is beyond
the design basis accident, namely, conditions under which quantities of molten
fuel are produced. In this case it is postulated that the energy present in the
molten fuel could be rapidly converted to a pressure shock wave and cause a
vapor explosion. We shall consider this extremely unlikely event in Chapter 6.

\
1
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EXAMPLES AND PROBLEMS

1 LOCA in a PWR

Example. A major loss-of-coolant accident occurs in a PWR. The reactor is tripped and
goes subcritical after I s; dryout (see Section 3.3) occurs after 4 s when the heat trans-
fer coefficient from the fuel pin drops from 50,000 W/mK to a very low value; the
blowdown is complete in 30 s. The fuel pins consist of 10-mm UO, fuel pellets in an
11-mm outside diameter Zircaloy can. The maximum rating R is 40 kW/m. The coolant
is initially at 300°C; the temperature drops through the can and across the fuel-pellet-
to-can gap are initially 50 K and 300 K, respectively. What is the can temperature at the
end of the blowdown phase?

After 30 s the ECCS system operates and provides water at 30°C. The heat transfer
coefficient during the refill stage is 50 W/m? K. What is the maximum temperature
recorded during the refill stage, and when is it recorded?

Solution: There are four sources of energy that could make the can temperature rise.

(1) Delay in shutting down the reactor. We will assume that from the start of the

transient to the time when the reactor goes subcritical at I s, normal cooling is
provided and this component makes no contribution to can temperature rise.

(2) Internal energy stored in the fuel.



Loss of Cooling 137

(a) Fuel pellet temperatures equalize at a time ¢, given by s &?/k, where s is a
shape factor (equal to 0.2 in this case), K is the thermal diffusivity (= &/pc),
and a the fuel pellet radius. For UO,, & = 2.5 W/m K, ¢ = 10,000 kg/m? and
c, = 350 J/kg K. Therefore, x = 0.7 x 10°m?/s, and for a 5-mm fuel pellet
temperatures equalize in

0.2x25%107°
t I ———— =7.1s
0.7x10

(b) The thermal capacity of the fuel per unit length (Cf) is given by
C, =ma’gc,
=mx25%x107 x107 x 350
=275]/mK

The thermal capacity of the can (C_) is given by
C. =@’ -a’dec,

where b is the outer can radius, @, is the can density (6500 kg/m?), and c, is the can
material specific heat (350 J/kg K). Thus
C, =1x(0.0011° — 0.0010%) X 6500 x 350
=350]J/kg K

(c) The energy stored in the fuel pin above the can surface temperature is made
up of two parts: that in the fuel pellet and that in the can.

(3) Stored energy is the fuel pellet. This is the product of the thermal capacity of the fuel
per unit meter and the mean temperature of the fuel pellet above the can surface
temperature (T) Since the time (30 s) is long compared with the time for equaliza-
tion across the fuel pellet, the fully equalized pellet temperature can be used and is

R (_ 40,000
8nk| 8xmx25

J=637K

To this must be added the temperature drop across the can and across the pellet/can
gap, S0 K + 300 K = 350 K.

Therefore, stored energy in the pellet above T, = C, (637 + 350) =2.71x10° J.

(4) Stored energy in the can. This is the product of the thermal capacity of the can
per unit meter and the mean temperature of the can above the can surface
temperature 7.

We take the mean temperature as half the temperature rise across the can
(= 50/2) = 25 K. Therefore, the stored energy in the can above T, = C_x 25 = 937
J (which can be neglected in relation to the stored energy of the fuel pellets).

(5) Residual fission beating—as the neutron chain reaction dies away. This can be

taken as
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1.6X R = 1.6 x 40,000 = 64,000 J

(6) Fission product decay beating. Integrating the fission product decay heating for
29 s, we have

1.5x R =1.5x 40,000 = G0, 000 ]

(7) But some heat is removed by good cooling between I and 4 s. This is estimated
at 120,000 J. If we now add the various energy contributions, we have

D+BA+BG)+G) - (D
0+271kJ +64 kJ + 60 kJ — 120 kJ = 275 kJ/m

The thermal capacity of the fuel (pellet and can) per meter length is

275+37.5=3125)/m K

Therefore, the temperature rise is 880 K.
The initial can temperature is
300°C+ ——00%0 393 17¢
nx0.011x50,000

So at the end of the blov‘\(down phase the final can temperature is 880 K + 323.1°C =
1203.1°C. However, the coolant temperature does not remain at 300°C, and during the
blowdown the saturation temperature falls to that for I atm (~100°C). So the actual can
temperature will be significantly less than 1203.1°C (by as much as 200°C, i.e., around
1000°C) (see also Figure 4.1 for an approximate solution to this problem).

At the end of the blowdown phase, the decay heating is 0.04 R or 1600 W/m. The
heat removed by the ECCS is

X 0.011x50x (1000 — 30) = 1676 W/m

So the heat removal is about the same as or slightly higher than the heat released, and
the can temperature will be at a maximum of 1000°C at about 30 s and will start to fall
as the decay heat falls.

Problem: Repeat the calculations described in the example, but assume that dryout of
the fuel occurs after 1 s (simultaneous with the reactor trip).

2 Inlet pipe rupture in a Magnox reactor

Example: A severe accident in a Magnox reactor contained in a steel pressure vessel is

rupture of an inlet cooling duct followed by 50 s of stagnation in the core. During this

period the only means of cooling is heat lost by radiation to the graphite moderator,

which remains at 350°C. The metal fuel pin has a diameter of 30 mm, and the initial

can temperature is 450°C. The temperature drops across the Magnox cladding and fuel-

to-clad gap may be neglected. The initial fuel rating (R) is 35 kW/m, and it takes 4 s for

the control rods to enter the reactor to shut it down. What is the maximum Magnox

cladding temperature at the end of the stagnation period?

Solution: We consider ihe four sources of energy that will make the clad temperature rise.
(1) Delay in shutting down the reactor. The energy per meter length due to the
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delay in shutting down the reactor is
35,000 J/ms x 4=140,000 J/m

(2) Internal energy stored in the fuel.

(@ The metal fuel temperatures equalize at a time ¢ given by sa?/R where Ris the
thermal diffusivity (=/e/Qcp), sa shape factor (= 0.2), and a the free radius. For
uranium metal &= 32 W/m K, ¢ = 19,000 kg/m3, and c,= 170 J/kg K. There-
fore, k= 9.8 x 10m?/s, and for @ = 15 mm, metal fuel temperatures equalize
in

t_112x225x10*

-=45s
9.8x107°¢

(b) The thermal capacity of the fuel per meter length Cis given by nazgcp. =7
x 225 x 10 x 1.9 x 10¢ x 170 = 2283 J/mK.
For the clad we are not told the mass or the dimensions of the can. From
reference sources we established that the mass of clad per unit length is
1 kg/m and that c_is 1200 J/kg K. Therefore, the thermal capacity of the can=

1x1200=1200 J/m K

(c) The energy stored in the fuel pin above the clad surface temperature is made

of two parts: that in the metal fuel and that in the cladding (which we neglect).
The stored energy in the metal fuel is the product of the thermal capacity of the
fuel per unit meter and the mean temperature of the metal fuel above the clad sur-
face temperature. Since the time (50 — 5) s is long compared with the time for
equalization across the fuel, the fully equalized metal temperature can be used
and is

R 35,000
BnK_[

= ):43.5K
8 X X 32

We can neglect any other temperature drop in the fuel element; therefore, the
stored energy in the fuel above the external clad temperature is

43.5x 2283 =99.310 J/m

(3) Residual fission beating—as the neutron chain reaction dies away. This can be
taken as

1.6 X R =1.6% 35,000 = 56,000 J/m

(4) Fission product decay beating. Integrating the fission product decay heating
for (50 — 5) s, we have

21 xR=21 x35,000=73,500J/m

If we now add the various energy contributions, we have
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DO+@D+BF+@D=
140,000 + 93,310 + 56,000 + 73,500 = 362, 810 J/m

The thermal capacity of the fuel (metal and cladding) per unit meter is

2283 +1200 = 3843 J/mK

Therefore, the temperature rise is 104.1 K.

This is the temperature rise assuming no cooling of the fuel. Let us now calculate the
effect of radiation of heat to the moderator. The moderator is assumed to be at a tem-
perature of 350°C; the fuel element is assumed to be a cylinder of 50 mm (fin outside
diameter) in a fuel channel of 100 mm.

The average clad temperature during the transient is

450 + % =502°C

The heat lost by radiation may be calculated from the formula

oA (T - T}
A/e)+(A, +AX1/g,—1)

where €, and €, are the emissivities of the fuel and graphite, respectively, and are
assumed to be 0.6 in each case. 6 =5.67 x 10°® W/m? K* (Stefan’s constant), and the
surface areas of the fuel element (Al) and the graphite channel (Az) per meter are

A, =0.157m?
4,=0314m’

(This assumes a 5-cm-diameter can in a 10-cm-diameter channel.) Heat lost by radia-
tion is thus

5.67x 107 x0.157(775* — 623*)
1.98

=945 W/m

The decay heat rate at (50 — 5) s is 0.038 of full power = 0.038 x 35,000 = 1330 W/m.
So the heat lost by radiation is /ess than the decay heat rate, and in the absence of any
other cooling the fuel element will heat up at

1330 — 945

=0.11
3483 K/

until the heat removed by radiation matches the decay heat rate.
The total heat removed during 50 s by radiation is

945 x50 = 47,250 J/m

corresponding to a reduction of 13.4 K compared with the no-cooling temperature rise
of 104.1 K.
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Therefore, the maximum cladding temperature is
450 +104.1 - 13.5 = 540.6°C

Problem: A new Magnox fuel design is being considered in which the fuel element di-
ameter is to be increased from 5 cm to 6.5 cm and the uranium metal fuel pin diame-
ter is increased to 4 cm. Repeat the |100%,

calculations given in the example, and \—th1
evaluate the effect of this design
change on the temperatures reached in

the specified accident. l Path 2
3 Pumps on or pumps off? o e
Problem: There has been considerable Severe core &?";gwrm

controversy about whether the opera-

olnventory of water in primary circuit
|
[
|
|
|
!
|
‘
|
I
|
|
|
!
|

tors should leave the main circulating

pumps operating or stop them during a 0 Water flow rate 100%
small break loss-of-coolant accident for

a PWR. With the aid of the accompanying diagram, discuss the events that occur when
the pumps are stopped (path D) or left operating (path 2).
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Loss-of-Cooling Accidents:
Some Examples

5.1 INTRODUCTION

Incidents at nuclear power stations create a great deal of public interest and
sometimes concern and alarm.

Many incidents occurred in the 50-year period up to 1995, though very few
resulted in injury or death to plant operators or the general public. Mosey
(1990) lists 60 or so separate events, and even this list is probably not compre-
hensive. The three most serious events are the accidents at Windscale (1957),
Three Mile Island (1979), and Chernobyl (1986). Brief details of each are in-
cluded in this chapter.

Designers of nuclear power stations do assess the risks and consequences
beyond the basis adopted for design. However, prior to Chernobyl, the actual
release of radioactive fission products from nuclear accidents had been very
much less than predicted from such analyses, indicating their general conser-
vatism. Accidents can be examined by looking at which of the three basic safety
principles, the Three Cs—control the reaction, cool the fuel, and contain the ra-
dioactivity, has been breached and to what extent the overall defense in depth
has been challenged.

If the world is to benefit from nuclear energy in the longer term despite the
potential dangers involved, it is essential that the lessons learned from each ac-
cident or incident are incorporated into future designs and into operator train-
ing and safety management to make existing stations safer. It is beyond the
scope of this book to examine all these incidents. Rather, we will select those
examples which illustrate specific points we have highlighted in previous chap-



Loss-of-Cooling Accidents 143

ters. The examples are chosen to illustrate both type of fault and type of reac-
tor, as follows:

ii ght wm;r—cooled reacto;sw (}as—cooled rea;té;:;
SL-1 Windscale
Millstone 1 St. Laurent
Browns Ferry 1 and 2 Hunterston B
Three Mile Island-2 Hinkley Point B
Ginna Liquid metal-
Mihama-2 cooled reactors
Chernobyl EBR-1

Heavy water—cooled reactors Enrico Fermi
NRX
Lucens

5.2 INCIDENTS IN LIGHT WATER-COOLED REACTORS
5.2.1 The SL-I Accident

A small (thermal capacity, 3 MW) experimental boiling-water reactor called SL-
1 (Stationary Low-Power Plant No. 1), installed at the U.S. National Reactor Test-
ing Station (NRTS) in Idaho, was destroyed on January 3, 1961, as a result of the
manual withdrawal of a control rod while the reactor was shut down. The re-
actor had been shut down for maintenance and to install additional instrumen-
tation. This work was completed during the day shift on January 3, and it was
the job of the three-man crew of the 4-12 p.M. shift to reconnect the control
rods. The installation of the additional instrumentation required disconnecting
the control rods, leaving them fully immersed in the reactor. However, when
they were disconnected, the rods could be lifted out manually. Lifting the con-
trol rods by about 40 cm (16 in.) was sufficient to make the reactor critical.

At9:01 p.M. on January 3, alarms sounded at the fire stations and security head-
quarters of the NRTS, which was located some distance from the SL-1 facility.
Upon investigation it was found that two operators had been killed (a third died
later) and that high radiation levels were present in the building. The exact reason
for the accident has never been discovered; the removal of the control rod could
have been accidental or deliberate, but no one will ever know.

Based on a careful examination of the remains of the core and the vessel
during the cleanup phase, it was concluded that the control rod had been with
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drawn by about 50 cm (20 in.), sufficient for a very large increase in reactivity.
The resulting power surge caused the reactor power to reach 20,000 MW in
about 0.01 s. This caused the plate-type fuel to melt. The molten fuel interacted
with the water in the vessel, and the explosive formation of steam caused the
water above the core to rise with such force that when it hit the lid of the pres-
sure vessel, the vessel itself rose 3 m (9 ft) in the air and then dropped back ap-
proximately to its original position.
Two main lessons were learned from this incident:

1. It is unsatisfactory to have any reactor system (even a small experimental re-
actor of this kind) in which removal of control rods is not prevented by a
suitable series of interlocks. Removal of a control rod as in the SL-1 accident
would be impossible in a modern power reactor.

2. Ejection of water from the core normally leads to a decrease in reactivity,
which automatically shuts down the reactor by additional void formation.
However, as the SL-1 accident showed, a very fast increase in reactivity can
melt the fuel before significant voids are formed to shut down the fission re-
action. This effect was demonstrated deliberately in another U.S. reactor test:
the so-called BORAX reactor was deliberately brought into this condition
and destroyed in 1954.

Explosions arising from the interaction of molten fuel and liquid coolant will be
discussed further in Chapter 6.

5.2.2 The Millstone 1 Accident

On September 1, 1972, a routine start-up operation was proceeding on the Mill-
stone 1 reactor in Connecticut. This reactor was a 660-MW(e) BWR. When the
reactor had achieved less than 0.1% of full power, the operator noted that the
water purification system was malfunctioning. He switched to a second water
purification system and continued the start-up. About half an hour later the sec-
ond system also failed and the operator began to shut down the reactor. When
it became obvious that salt from seawater was penetrating the primary coolant
circuit, the reactor was tripped rapidly. Upon investigation it was found that
tubes in the condenser (which was cooled by seawater) had corroded, allowing
a massive amount of seawater to enter the primary circuit. One consequence of
the saltwater ingress was the failure of the instruments that measured power in
the reactor; the failure was due to stress corrosion cracking of the stainless steel
sheaths of the instruments, which are sensitive to chloride attack.

The reactor was successfully repaired and resumed operation. Although this



Loss-of-Cooling Accidents 145

accident caused no injuries and no radioactivity was released, it demonstrates
the relative vulnerability of direct-cycle systems such as the BWR in comparison
with indirect-cycle systems such as PWR, CANDU, or AGR. In a BWR the pri-
mary circuit coolant passes directly to the turbine and is condensed in the con-
densers before returning to the reactor. If the condensers are cooled by
seawater, ingress into the primary circuit is always a potential problem. One
way to overcome this is to isolate the condensers in the event of leakage of sea-
water, but this leads to loss of the main heat sink and a need to provide alter-
native cooling or means of energy release.

5.2.3 The Browns Ferry Fire

The Browns Ferry nuclear power plant in Alabama consists of three 1065-
MW(e) boiling-water reactors. On March 22, 1975, a workman who was lying
on his side used a lighted candle to test for leakage of air around cable pene-
trations through a concrete wall at the Unit [ plant. A hole was found, and the
workmen stuffed some polyurethane sheet into it and tested again for leaks.
The leak persisted, and the candle flame ignited the polyurethane sheet. The air
rushing into the hole spread the fire into the hole and away from the workmen,
so that they could not extinguish it with fire extinguishers. The fire burned for
7 h before it was put out. Units I and 2 were both at full power when the fire
started. (Unit 3 was under construction and was not affected by the accident.)
The fire spread horizontally and vertically, affected about 2000 cables, and
caused damage that cost about $10 million to repair. There was a reluctance to
use water on the fire until both reactors were in a stable shutdown condition
because of the possibility of short-circuiting. Once water was used, the fire was
rapidly put out.

Both reactors were shut down. However, because of the fire, both the shut-
down cooling system and the emergency core cooling system for Unit 1 were in-
operable for several hours. The operators had to use alternative means of
injecting water into the reactor, which included a pump used in connection with
the control rod drive system and pumps used for returning condensate to the sys-
tem. The use of these alternative water supplies required depressurization of the
reactor, and during this maneuver, the water level over the core dropped to 1.2 m
above the top of the fuel. However, sufficient cooling was provided throughout
the incident to prevent the core from overheating. No significant problems were
encountered with the cooling of Unit 2, and the high-pressure cooling system
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(HPIS) was successfully initiated. There was no release of radioactivity off-site,
and no one on the site was seriously injured. Both units were, however, out of
operation for over 1 year while the damage was repaired.

The main lesson from the Browns Ferry incident was related to what is
called common mode failure. All the cables related to the safety systems passed
through a single duct and failed in a common mode (despite the diversity in-
troduced as discussed in Chapter 4), and all the systems failed when there was
a fire. The moral is that the designer should ensure that each of the indepen-
dent systems is truly independent and that supplies and controls to the instru-
mentation and actuation devices should not pass along common ductwork. The
technical term for this is segregation, and after the Browns Ferry incident the
provisions for segregation were significantly improved. For example, 3-h fire-re-
sistant physical barriers are now placed between components, and when this is
not possible the cables are separated by significant distances (typically 7 m) and
protected by active fire-fighting equipment so that the possibility of a fire
spreading from one to another is remote.

5.2.4 The Three Mile Island (TMI) Accident

The worst accident in the United States happened in March 1979 at the No. 2 re-
actor at the Three Mile Island nuclear plant near Harrisburg, Pennsylvania. The
plant consists of two Babcock & Wilcox pressurized-water reactors, each having
an electrical capacity of 961 MW(e).

At about 4 A.M. on March 28, 1979, a condensate pump moving water from
the condensers in the turbine building stopped. This led to tripping of the main
steam generator feedwater pumps (which would otherwise have been starved
of water), which in turn led to the turbine’s being tripped. As we saw in Chap-
ter 4, this is a normal upset condition, and the incident should have proceeded
benignly according to the design. To see why this did not happen, it is helpful
to examine each phase of the accident in turn.

Phase 1. Turbine Trip (06 mm). This phase is illustrated in Figure 5.1.
The valves that allow steam to be dumped to the condenser opened as de-
signed and the auxiliary feedwater pumps started. The interruption of the flow
of feedwater to the steam generators caused a reduction in heat removal from
the primary system. The reactor coolant system responded to the turbine trip in
the expected manner. The reactor coolant pumps continued to operate and to
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Figure 5.1: TMI-2 phasel: turbine trip.

maintain coolant flow through the core. The reactor coolant system pressure
started to rise because the heat generated by the core—which was still operat-
ing—was not being removed from the system at the required rate by the steam
generators. This rise in system pressure caused the power-operated relief valve
(PORV) on top of the pressurizer (1 in Figure 5.1) to operate to relieve the pres-
sure. However, the opening of this valve was insufficient to reduce the pressure
immediately, and the pressure continued to increase. The operation of the valve
occurred between 3 and 6 s after the turbine trip, and the pressurization con-
tinued until 8 s after the start of the incident, when the primary circuit pressure
reached 162 bars. At this point the control rods were automatically driven into
the core as a result of a protection system signal’s detecting the overpressuriza-
tion. This immediately stopped the fission reaction. At this carly stage all the au-
tomatic protection features had operated as designed, and the reactor had been
shut down. However, as we explained in previous chapters (and as indicated in
Table 2.2), the decay heat remains significant. Under normal circumstances this
can be dealt with straightforwardly by the various coolant systems.

At 13 s the now-decreasing coolant pressure reached the set point for auto-
matic closure of the PORV. The valve failed to close, and this first departure from
the expected response changed the incident from an upset into an emergency
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event, as defined in Chapter 4. The sequence that started at this stage was very
similar to the small-break accident described in Section 4.3.4. Coolant circuit
water was being lost through the stuck-open PORV. In the secondary circuit, all
three auxiliary feedwater pumps were running, yet the water level in the steam
generators was continuing to fall and they were drying out. The reason for this
was that no water was actually being injected into the steam generators because
of closed valves between the auxiliary pumps and the steam generators. The
valves had been closed some time before the incident (probably at least 42 h
earlier) for routine testing and had apparently been inadvertently left in that po-
sition. The warning lights indicating the valve closure had been obscured by
tags on the control board.

Thus, during this first crucial period, the reactor coolant circuit was deprived
of an effective means of heat removal and could only dispose of the energy by
blowing off water and steam. As we saw in Chapter 4, this was an inadequate
heat removal method. One minute after the incident, the difference in tempera-
ture between the hot and cold legs of the primary circuit was rapidly reaching
zero, indicating that the steam generators were drying out. The reactor circuit
pressure was also dropping. At about this time the liquid level in the pressurizer
began to rise rapidly. At 2 min 4s the reactor circuit pressure had dropped to
110 bars, and the emergency core cooling system (ECCS) triggered automati-
cally, feeding cold borated water into the primary coolant system. The liquid
level in the pressurizer was continuing to rise. Concern was expressed that the
HPIS was increasing the water inventory in the primary circuit and that the
steam above the water level in the pressurizer would be lost, preventing effi-
cient pressure control. In effect, the system would then be full of water. Subse-
quent analysis has shown that, initially, expansion of the water as it heated up
and, later, boiling in parts of the circuit displaced water into the pressurizer,
causing the increase in pressurizer level. Because of their concern about the
pressurizer level and their belief that the HPIS system was filling it, the opera-
tors tripped (shut off) one of the HPIS pumps at 4 min 38 s; the other pumps
continued to be operated in a partly closed condition.

Phase 2: Loss of Coolant (6-20 min). At 6 min the pressurizer was com-
pletely filled with water. The reactor drain tank (item 7 in Figure 5.2) started to
pressurize rapidly, and at 7 min 43 s the reactor building sump pump switched on
to transfer water from the sump to the various wastewater tanks located in the
auxiliary building. Thus, slightly radioactive water was being transferred out of
the containment into the auxiliary building,



Loss-of-Cooling Accidents 149

[6-20 minutes] *

Figure 5.2: TMI-2 phase 2: loss of coolant.

In the Babcock & Wilcox TMI design, the automatic closure of valves linking
the containment to the auxiliary building was not initiated unless the reactor
building pressure exceeded 270 millibars. In reactors supplied by other ven-
dors, control systems close off these connecting lines automatically when the
ECCS system is actuated.

After 8 min the operators found that the steam generators were dry. Checks
showed that the auxiliary feed pumps were running but that the valves were
shut. The operator opened the valves, allowing feedwater to pass into the
steam generators, and the reactor circuit water temperature started to drop as a
result. “Hammering” and “crackling” were heard from the steam generators,
confirming that the auxiliary feed pumps were now delivering water to them.
The closed valves in the auxiliary feedwater circuit received a great deal of pub-
licity immediately after the accident. It now seems likely that the unavailability
of the auxiliary feedwater for the first 8 min of the accident did not, in the
event, significantly affect the future course of the accident, which was largely
determined by the stuck-open PORV

At 10 min 24 s, a second HPIS pump (item 6, Figure 5.2) tripped out, was
restarted, but tripped out again, to be eventually restarted at 11 min 24 s, but in
a throttled condition. The balance between the flow of water into the reactor
from the HPIS and the flow out of the reactor from the PORV wus such i
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there was a net outflow from the primary cooling system. At about 11 min, the
pressurizer level indication was back on scale and the level was decreasing.
At 15 min, the reactor coolant drain tank bursting disk (item 7, Figure 5.2)
ruptured and hot water flashed into the containment building, giving a rise
of pressure within that building. The coolant was now being discharged from
the primary circuit, was emptying into the containment, and was passing from
the containment sump, through the sump pump that continued to operate, into
the auxiliary building.

At 18 min, there was a sharp increase in activity measured by the ventilation
system monitors. This activity arose from the discharge of the slightly radioactive
primary coolant into the containment and not from any fuel failures at this stage.
At this point, the reactor circuit pressure was only about 83 bars and falling.

Up to this stage, the events at TMI-2 were very similar to a feedwater tran-
sient experienced at the Davis-Besse plant at Oak Harbor, Ohio, in September
1977. At Oak Harbor, however, the operators recognized after 21 min that the
PORV had stuck open, and they closed its associated block valve, thus ending
the incident. The block valve is in series with the PORV and can be manually

operated to seal this line.

Phase 3: Continued Depressurization (20 min-2 h). Between 20 min
and 1 h, the system parameters were stabilized at the saturation condition,
about 70 bars and 290°C. At 38 min the reactor building sump pumps were
turned off after approximately 30 m? of water had been pumped into the auxil-
iary building. The amount of radioactivity transferred was relatively small, since
the transfer was stopped before any significant failure of fuel occurred.

At 1 h 14 min, the main reactor coolant pumps in loop B (one of two loops
in the reactor—each loop has two coolant pumps) were tripped because of in-
dications of high vibration, low system pressure, and low coolant flow. The op-
erators would normally be expected to take such action to prevent serious
damage to the pumps and associated pipework. However, turning off the
pumps in loop B allowed the steam and water phases in that circuit to separate,
effectively preventing further circulation in that loop.

At 1 h 40 min, the reactor coolant pumps in loop A were tripped for the
same reasons (see item 8 in Figure 5.3). One concern was that a pump seal fail-
ure could occur. The operating staff expected natural circulation of the coolant,
but because of the separated steam voids in both loops, this did not take place.
Subsequent analysis showed that about two-thirds of the water inventory in the
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20 minutes - 2 hours

Figure 5.3: TMI-2 phase 3: continued depressurization.

primary circuit had been discharged by this stage and that when the main
coolant pumps were switched off, the water level in the reactor vessel settled
out about 30 cm above the top of the core. The decay heat from the core
rapidly evaporated the water and brought the level down inside the core, and
the core began to heat up. This overheating was the precursor of core damage.

Phase 4: The Heat-Up Transient (2-6 h). At 2 h 18 min into the incident, the
PORV block valve (item 9 in Figure 5.4) was closed by the operators. The indica-
tions of the position of the PORV were ambiguous to the operators. The control
panel light indicated the actuation of a solenoid that should have closed the
valve; there was no direct indication of the valve stem position. However, it must
be said that failure to recognize that there had been a massive loss of reactor
coolant as a result of the stuck-open PORV was the significant feature of the acci-
dent. Even at this point, however, a repressurization of the reactor coolant circuit
using the HPIS would probably have successfully terminated the incident.
Following closure of the block valve, the reactor circuit pressure began to
rise. At 2 h 55 min, a site emergency was declared after high radiation fields
were measured in the line connecting the reactor coolant circuit to the purifica-
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Figure 5.4: TMI-2 phase 4: the heat-up transient.

tion system. By this time a substantial fraction of the reactor core was uncov-
ered and had sustained high temperatures. This condition resulted in fuel dam-
age, release of volatile fission products, and generation of hydrogen as a result
of the interaction between the Zircaloy fuel cans and steam at high temperature.

Attempts were made to start the main reactor coolant pumps around this
time. One pump in loop B did operate for 19 min but tripped out due to cavi-
tation and vibration. The peak fuel temperature (in excess of 2000°C) was
reached shortly after 3 h into the incident. At 3 h 20 min, reactivation of the
HPIS effectively terminated the initial heat-up transient, both quenching the fuel
and recovering the core.

A general emergency was declared about 3 h 30 min after the start of the in-
cident as a result of rapidly increasing radiation levels in the reactor building,
the auxiliary building, and the fuel handling building. Detectors inside the con-
tainment indicated very high levels of radiation.

Over the period from 4 h 30 min to 7 h into the incident, attempts were
made to collapse the steam voids in the two loops by increasing the steam pres-
sure and by sustained HPIS operation. These attempts to reestablish heat re-

moval through the steam generators were unsuccessful and, moreover,
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involved significant use of the PORV block valve. This course of action was
therefore abandoned.

Subsequent calculations of the likely course of events in the reactor over the
first 3 h of the incident are illustrated in Figure 5.5 Calculated peak fuel tem-
peratures and calculated core liquid levels (and two-phase mixture levels) are
shown. The events referred to in the above description are also indicated. Fig-
ure 5.5¢ shows the temperature calculated at several different levels in the core,
level 1 being at the bottom of the core and level 5 near the top.

Phase 5: Extended Depressurization (6-11 h). Over the next 4 h the op-
erators reduced the pressure in the reactor circuit in an attempt to activate the
accumulators and the LPIS components of the ECCS system. This action was ini-
tiated at 7 h 38 min by opening the PORV block valve (item 10 in Figure 5.6).
At 8 h 41 min, the reactor circuit reached a pressure of 41 bars and the accu-
mulators (item 11, Figure 5.6) were activated. However, only a small amount of
water was injected into the vessel.

During the depressurization, a considerable volume of hydrogen was vented
from the coolant circuit to the reactor building. At 9 h 50 min a pressure pulse
was recorded in the reactor building, and in response the building spray pumps
(item 12, Figure 5.6) came on within 6 s and were shut off after 6 min. This
pressure pulse was due to ignition of a hydrogen-air mixture in part of the re-
actor building.

The extended attempt at depressurization was unsuccessful in that the low-
est pressure achieved was 30 bars. Nothing that was attempted could drive the
pressure lower, and it obstinately remained above the maximum pressure at
which the LPIS system of the ECCS could be brought into operation (28 bars).

With the operators unable to further depressurize the reactor circuit, the block
valve to the PORV was closed at 11 h 8 min. Over the next 2-h period there was
no effective mechanism for removing the decay heat. The block valve was kept
closed during this time except for two short periods. Injection via the HPIS was at
a low rate and was almost balanced by the outflow through the line to the water
purification system; both steam generators were effectively isolated.

Phase 6: Repressurization and Ultimate Establishment of a Stable Cool-
ing Mode (13-16 h). At 13 h 30 min into the incident, the PORV block valve
(item 13 in Figure 5.7) was reclosed, and sustained high-pressure injection via
the HPIS was initiated in order to repressurize the circuit and allow the circuit
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pumps (item 14, Figure 5.7) to be restarted. At 15 h 51 min a circulating pump
in loop A was restarted and flow through the steam generators was reestab-
lished, giving a stable heat rejection mode by that means.

Phase 7: Removal of the Hydrogen Bubble (day l-day 8). As a result of
the zirconium-steam reaction, nearly a ton (1000 kg) of hydrogen was pro-
duced, and a great deal of this was trapped in the upper region of the reactor
pressure vessel, above the core. This “hydrogen bubble” (item 16, Figure 5.8)
was eliminated by two methods.

The first method employed the normal purification system used for the pri-
mary system. The method worked as follows. The gas in the bubble was being
absorbed in the water by the primary system, which was at approximately 70
bars. Some of this water was bled into a “letdown” tank kept at essentially at-
mospheric pressure, where the absorbed hydrogen gas fizzed out as when a
champagne bottle is opened. The gas was passed through a system that de-
layed its release for 30 days. It was then passed through filters and vented out
of the off-gas stack to the atmosphere.

In the second method, heaters in the pressurizer were turned on, forcing the
dissolved gas out of the primary system water in the bottom of the pressurizer

Day 1-day 8

Figure 5.8: TMI-2 removal of hydrogen bubble.
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and into the gas space at the top. The block valve at the top of the pressurizer
(item 17 in Figure 5.8) was then opened to permit the gas to escape. The gas
bubble was eliminated by these two methods, and on April 28, a month after
the accident, cooling by natural circulation was achieved and the reactor
coolant pumps were switched off. Switching these pumps off was helpful since
the frictional heating of the water by the pumps was at that stage greater than
the decay heat being emitted by the reactor core.

Postmortem. Analysis and examination of the damaged core and compo-
nents have continued in the period since the accident. It is now possible to de-
scribe with some confidence the sequence of events that occurred.

Over the first 100 or so minutes with at least some of the main reactor
coolant pumps running—albeit circulating a two-phase coolant—the core was
adequately cooled (Figure 5.5). Tripping the last coolant pump allowed the
steam and water to separate, effectively preventing further circulation through
the loops. Gradually, the water in the reactor vessel boiled off exposing fuel
10-15 minutes later (Figure 5.5). However, some decay heat was being re-
moved by steam being released through the open PORV (Section 4.3.2, Figures
4.11 and 4.12). At around 140 minutes the operators closed the PORV block
valve, effectively terminating this cooling. The core temperatures rose rapidly
above 1800 K. As can be seen from Table 4.2, the cladding would first be oxi-
dized and perforated and, as the temperature increased, a Zircaloy-steam reac-
tion would lead to the formation of hydrogen. Ultimately all the Zircaloy in the
affected region would react, and the support given to the fuel pellets would dis-
appear. An estimate of the hydrogen inventory after the accident suggested that
about one-third of all the Zircaloy had reacted and almost all the fuel had failed.

The exothermic chemical reaction between Zircaloy and steam increased
temperatures still further, taking them above 2400 K. At this temperature
Zircaloy is molten and begins to interact with the UO fuel (Figure 5.9a). At 174
minutes one of the reactor coolant pumps in loop B was started and operated
briefly. The large quantity of water entering the reactor vessel caused the very
hot cladding and fuel in the upper part of the core to fragment and collapse
(Figure 5.9b), leaving an upper crust with a void below. This water achieved
some temporary cooling, but the heat-up continued in the lower and central re-
gions of the core. It may be that resolidified material formed a solid crust that
acted as a crucible to hold the molten fuel (see Figure 6.1).

At 200 minutes the activation of the HPIS recovered the core and refilled the
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reactor vessel. However, quenching was slow because the water could not
reach the seriously damaged areas of the core.

Around 224 minutes it is now known that a major redistribution and reconfig-
uration of the fuel material took place. The upper crust, left following the forma-
tion of the initial void at 174 minutes, now collapsed. Its weight caused molten
fuel to be extruded out to one edge of the core where it flowed down over the
core support assembly into the bottom head of the reactor vessel. It is estimated
that some 20 tons of material ended up in this location (Figures 5.9¢ and 5.94d).
Continued operation of the HPIS finally quenched the core. The slumping of the
fuel material increased the resistance of flow through the core, and the flow re-
sistance of the damaged core was estimated at between 200 and 400 times its nor-
mal value. At least 70% of the fuel was damaged and 30--40% actually melted.

An international investigation (TMI-VIP) was mounted to examine the extent
of the damage to the lower vessel structure and the margin to failure of the re-
actor pressure vessel. As a result of this analysis it is clear that effective cooling
had occurred by penetration of water through cracks in the debris and between
the debris and the vessel wall. The molten fuel is also less aggressive to steel
than previously feared.

The very high levels of radioactivity in the containment building after the acci-
dent were mainly due to the presence of radioactive krypton and xenon. Apart
from krypton-85 (which has a 10-year half-life), most of the radioactive isotopes
of krypton and xenon are short-lived. With the exception of approximately 10,000
curies of krypton-85, which were vented from the containment about 1 year after
the accident, all the radioactive gases escaped in the first tew days after the acci-
dent, and this led to a measurable increase in activity above the normal back-
ground level in the area surrounding the plant. However, very little (only 16
curies) of the iodine released from the fuel escaped from the containment. Evac-
uation of the area immediately surrounding the site 2 days after the accident in-
volved about 50,000 households. However, exposure of the public to radio-
activity was very small indeed, and the consequences in terms of additional can-
cer deaths are calculated to be undetectable in the surrounding population. Using
the estimated total collective dose of 33 man-Sv, it is calculated that there will be
less than 1 additional cancer death due to the accident in a total of 325,000 such
deaths in the surrounding population over the next 30 years.

A Presidential (Kemeny) Commission investigating the causes of the accident
found that operator error was the direct cause. Contributing factors were oper-
ator training, control room design, and the attitude toward safety within the U.S.
nuclear industry. The Kemeny Commission was also very critical of the Nuciea
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Regulatory Commission. The U.S. industry subsequently responded by setting
up the Institute of Nuclear Power Operations (INPO) to improve the quality and
operational safety of all U.S. nuclear power plants.

The recovery operations for TMI-2 took 10 years and cost about $1 billion.
First it was necessary to decontaminate the auxiliary buildings and vent the con-
tainment building to allow entry (July 1981). Then the large amounts of conta-
minated water in the basement of the containment building had to be treated
(complete by August 1984). Finally, the reactor vessel had to be opened and
defueling undertaken—this took five years (complete by 1990). TMI-2 will be
mothballed and dismantled along with TMI-1 around the year 2010.

In terms of the classification of operating states presented in Chapter 4 the in-
cident began as a classical upset transient and then developed (because of the
stuck-open PORV) into an emergency condition of the classical small-break type.
This should have been easily contained by activation of the engineered safety fea-
tures, but operator action specifically prevented this from happening. The situa-
tion was therefore escalated into an accident beyond the limiting fault condition,
that is, beyond the design basis. Nevertheless, the defense-in-depth philosophy of
a reactor plant (i.e., the concept of multiple barriers) prevented any significant
harm to the public or the operators. Many lessons learned from the TMI accident
have been incorporated in newer nuclear plants, albeit at considerable extra cost.

5.2.5 The Ginna Incident

One of the design basis fault conditions for a PWR listed in Chapter 4 is rupture
of a steam generator tube. Such an event occurred at the R. E. Ginna PWR sta-
tion in New York State on January 25, 1982. The Ginna station is based on a
two-loop Westinghouse PWR. At 9:25 A.M. the plant was operating at 100%
power [490 MW (e)]. Shortly thereafter the primary reactor coolant system pres-
sure dropped significantly, followed by nearly simultaneous activation of the
HPIS, reactor trip—turbine trip, and containment isolation. The pressurizer went
almost empty. This is the behavior expected when a steam generator tube
bursts (ruptures), allowing primary circuit water to pass into the (lower-pres-
sure) secondary side of the steam generators. Following standard procedures
for responding when it is suspected that a steam generator tube has ruptured,
the operators tripped the main coolant pumps and closed the main steam isola-
tion valves on the suspect steam generator.

The operators opened the PORV connected to the pressurizer in order to
equalize the primary and secondary circuit pressures quickly and stem the leak.
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This action allowed reactor coolant to drain into the pressurizer relief tank.
However, when this operation was completed and an operator tried to close
the PORV again, it failed to close (as at TMI-2), requiring the operator to shut
the block valve and thus isolate the flow, which he did promptly. The depres-
surization resulting from the opening of the PORV caused flashing in the pri-
mary circuit, pushing water into the pressurizer and causing a void to form in
the top part (upper head) of the reactor vessel. This situation was recognized
and rectified by starting a main circulating pump some 2 h after the start of the
incident. No excessive fuel temperatures were noted.

The operation of the PORV caused the pressurizer relief rupture disk to blow
and some 5,000-10,000 gallons of water drained into the sump of the contain-
ment building, which had been isolated by this stage. During this time, the
damaged steam generator was isolated on the secondary side and the pressure
in this steam generator went up to the point where the secondary relief valve
lifted. This resulted in a minor radioactive release to atmosphere, mainly of
krypton and xenon.

The plant was subsequently cooled down, first by using the undamaged
steam generator to remove the residual heat and then, after about 24 h, by the
low-pressure residual heat removal system.

Subsequent inspection of the damaged steam generator showed that a loose
pie-shaped metal object, weighing about 2 lb, was present in the steam gener-
ator. This object had vibrated and severely damaged a number of steam gener-
ator tubes, causing one of them to rupture and leading to the events described
above. The object appears to have been present in the steam generator for a
number of years, having been introduced inadvertently during earlier mainte-
nance work. Flow through the damaged tubes was blocked by plugging them,
and the unit has been returned to power.

Unlike the accident at Three Mile Island, the operator response at Ginna was
good, although somewhat delayed compared with the operating guidelines for
this type of incident. Although the Ginna incident has received the most pub-
licity, it is noteworthy that steam generator tube ruptures had occurred previ-
ously, one example being an incident in PWR Unit No. 2 at Prairie Island,
Oregon, on October 2, 1979.

5.2.6 The Mihama-2 Incident

The Mihama-2 power station in Japan is equipped with a 500-MW(e) two-loop

pressurized water reactor. On February 9, 1991, this plant also experiencedt
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steam generator tube rupture that allowed high-pressure water from the reactor
circuit to flow into the (lower-pressure) secondary circuit formed by the steam
generator shell, the turbine, and the condensers.

At 12.24 h, with the reactor at full power, increasing radioactivity was sig-
naled in the blowdown line of one of the plant’s steam generators. Further in-
dications from the water in the steam generators and in the air extract from the
condenser suggested an initially minor leakage of primary coolant water from a
damaged tube in this steam generator.

Around 12.45, both the pressure in the primary circuit and the water level in
the pressurizer started to decrease despite the activation of the pumps charging
water into the coolant circuit. Three minutes later, a reduction of reactor power
was initiated. The isolating valves on the steam line from the affected steam
generator were activated but failed to close completely. Two minutes later, the
reactor, turbine, and generator were automatically shut down. Almost immedi-
ately, reducing pressure and level in the pressurizer signaled an emergency
core cooling system (ECCS) water injection. At the same time, the reactor con-
tainment was automatically isolated. Primary loop pressure and water levels
continued to reduce rapidly.

At 13.52, the feed flow to the damaged steam generator was stopped and the
unit was isolated. Ten minutes later, the relief valve on the steam line from the
remaining undamaged steam generator (B) was lifted to allow decay heat re-
moval. Attempts were also made to equalize the pressures on the primary and
secondary sides by opening the pressurizer relief valves. However, this opera-
tion was not successful, and depressurization of the primary circuit was there-
fore undertaken via the alternative of the pressurizer spray system.

By 14.34, the HPIS pumps were stopped and 12 minutes later the primary
and secondary circuit pressures were equalized, terminating the release. The re-
actor reached a safe, “cold standby condition” at 02.30, February 10, 1991.

Analysis after the event suggested that 55 tons of coolant passed from the
primary to the secondary systems and 1.3 tons of radioactive steam bypassed
the main steam isolating valve and were released to the turbine hall.

After the accident, a camera was lowered into the damaged steam generator
and located the fractured tube. The tube was removed for inspection. It had
ruptured close to the top (sixth) tube support plate (Figure 5.10). There was ev-
idence of fatigue failure due to vibration of the tube. Corrosion debris was also
found between the tube and the support plate.

This type of recirculating steam generator is equipped with V-shaped antivibra-
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Figure 5.10: Location of the ruptured steam generator tube.

tion bars to prevent fluid-induced tube vibration in the return bend region. How-
ever, fiber optic observations showed that these antivibration bars had not been
correctly installed during construction and did not support the damaged tube
(which was also restrained by the debris at the tube support plate; Figure 5.11).

The valve malfunction—the improper seating of the main steam isolating
valve and the inoperative pressurizer valves—was also investigated.

The Mihama-2 incident was a classic steam generator tube rupture—small loss
of coolant event, and the releases of radioactive rare gases and iodine were
small. The plant was out of operation for a considerable period of time while its
steam generators were replaced.
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Figure 5.11: Antivibration restraints and mechanism of the tube rupture
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5.2.7 The Serious Accident at Chernobyl

On April 26, 1986, the worst accident in the history of commercial nuclear
power generation occurred at the Chernobyl Nuclear Power Station some 60
miles north of Kiev in the Ukraine, on the Pripyat River not far from the town of
Pripyat (poplation then 49,000). The site at that time had four 1000-MW(e)
RBMK reactors operational and two more under construction. The four reactors
were built in pairs, sharing common buildings and services. Construction of
Units 3 and 4 started in 1975-76; Unit 4 became operational during 1984. The
main elements of the reactor are described in Section 2.4.6.

The Experiment. Ironically the immediate cause of the accident that
wrecked the No. 4 Unit was an experiment designed to improve the safety of
the plant. The objective of this experiment was to see whether the mechanical
inertia in a turbine generator isolated from both its steam supply and the grid
could be used to supply electricity via the station distribution system to impor-
tant station auxiliary loads (including the emergency cooling pumps) for a short
period (40-50 seconds). In essence, this was an attempt to use the turbine gen-
erator as a mechanical flywheel coupled to the pumps electrically.

A turbine generator unloaded normally would take about 15 minutes to
come to rest from 3000 rpm, but when coupled to the pump motors might pro-
vide a few tens of seconds’ supply. Even so, given the rapid coast-down of the
main circulating pumps without this provision and the long time required to
shut down the reactor and start the auxiliary diesel generators and diesel, this
“flywheel” effect could have provided a valuable margin in the safety case. In
the experiment, to simulate the load from the ECCS, the generator was coupled
to four of the main circulating pumps (each rated at 5.5 MW) and the feedwa-
ter pumps.

The experiment had been attempted twice before, in 1982 and 1984. On the
latter attempt, following isolation of the generator from the grid, the voltage
level in the unit system fell rapidly and the operators were unable to arrest the
drop by manual control of the voltage regulator. The fall in voltage resulted in
the pump motors slowing down much faster than the generator.

For the fateful experiment on April 26 an automatic voltage regulator, acting
on the generator excitation current, had been fitted that maintained the voltage
level in the unit system so that the pump motors ran down in step with the
main generator at synchronous speed, drawing on the stored kinetic energy of
the turbine generator.
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The planned experimental initial conditions required the reactor to be at
about 25% full power with one of its turbine generators shut down and the
other supplying the grid, four main circulating pumps, and two feed pumps.
The remaining auxiliary plant was fed from the grid.

The experiments had been badly planned, the safety case was inadequate
and had not been properly reviewed, and as we shall see in the following sec-
tions, the operators failed to achieve the chosen plant conditions, departed
from the laid-down procedures, and violated several operating rules.

Status of the Plant before the Accident. On April 25, 1986, all four units
at Chernobyl were operating. The No. 4 unit was due to be shut down for
maintenance work. A total of 1,659 channels were loaded with fuel, most of it
(75%) from the initial fuel charge, having been utilized to an extent (“burn-
up”) of 12-15 MW, day kg. What follows is an abbreviated and simplified ac-
count of the sequence of events that took place. For ease of description the
accident is divided into a series of logical phases. Diagrams illustrate the con-
dition at each phase.

Phase 1: Prelude [01.00-23.10 h, April 25 (Figure 5.12)]. The reactor
was at nominal full power conditions [1000 MW (e), ca. 3000 MW(t)]. The oper-
ators started to reduce power at 0.100 h, on April 25, and about 12 hours later,
at 13.05 h, with the reactor at 1600 MW(t), turbo generator No. 7 was discon-
nected from the grid. Four of the main circulating pumps and two of the feed-
water pumps were connected to turbo generator No. 8 in preparation for the
test.

At 14.00 h, the emergency core cooling system was disconnected from the
primary circuit. This was in accordance with the experimental plan (presumably
because it was anticipated it would be spuriously initiated by the expected low
level in the steam drum during the experiment).

However, the grid controller requested the unit to continue supplying to the
grid until 23.10 h. Operation with the emergency core cooling system disen-
gaged was a violation of the operating rules (violation 1—one of many to
come), but it does not appear to have had any significance in the accident se-
quence. However, disabling of the reactor protection system seems to have
been regarded rather lightly both in the operating procedures and by the oper-
ators themselves.
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Figure 5.12: Phase 1: prelude (01.00-23.10 h, April 25, 1980) (X indicates compo-
nents not in operation at time of accident).

Phase 2: Preparations for the Experiment (23.10 h, April 25, to 01.00 h,
April 26). At 23.10 h, the operators started to reduce power to obtain the test
condition of 700-1000 MW/(t). The local automatic control (LAR) system, which
operated 12 control rods, was disengaged at 00.28 h on April 26. Here the op-
erator made a major error (violation 2) in failing to reset the set point of the au-
tomatic regulation (AR) system and was then unable to control the reactor
power with a combination of the manual and overall automatic control (AR3),
the latter using only four control rods. The result was that the reactor power
dipped to below 30 MW/(t).

The first reduction from 100% power nearly 24 h earlier had initiated a
xenon poisoning transient. The fission product Xe-135 is of considerable im-
portance in thermal reactors because it has a very high neutron capture cross
section. Only a small proportion of Xe-135 is formed directly by fission; most
comes from the radioactive decay of 1-135 (half-life 6.7h). The xenon is re-
moved partially by decay (half-life 9.2h) and partly by its capture of neutrons.
About 2% of all neutrons are captured by Xe-135, so it is an important item in
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the overall neutron balance (see Section 2.2). The balance of formation of
xenon and its destruction are such that a fall in reactor power (and thus of neu-
tron flux) leads to a rise in xenon concentration.

Figure 5.13a shows the reactor power-time history together with (Figure
5.13b) the poisoning effect of the xenon present. It will be seen that the peak in
the transient (at about 12-14 h after the initital decrease in power) had passed
but that the uncontrolled drop in power to around 30 MW(t) had induced a
sharp increase in the xenon poisoning by the time the experiment started. Be-
cause of the sharply increasing xenon the operator had considerable difficulty
in raising reactor power with the small operating reactivity margin he had avail-
able. Finally, at 01.00 h on April 26, the power was stabilized at 200 MW ()—
well below the power level proposed for the experiment.

Phase 3: The Experiment [01.00-23.40 h, April 26 (Figure 5.14)]. At
01.03 and 01.07 h, respectively, the operators started the main standby circulat-
ing pumps (see 4 in Figure 5.14), one on each main loop, so that at the end of
the experiment, in which four pumps were to operate “tied” to the No. 8 tur-
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Figure 5.13: Chernobyl Unit 4 xenon transient.
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bine generator, four pumps would remain coupled to the grid to provide reli-
able cooling of the core.

The reactor power was lower than intended; so too were the steam voidage
in the channel and the pressure drop along the fuel. As a result the coolant flow
rate was higher than anticipated with all eight pumps operating. Such an oper-
ating mode was normally prohibited because of the possibility of single-pump
trip leading to cavitation and vibration of the main feed piping (violation 3).

Because the reactor power was only 7% of full power and the coolant flow
rate through the core was 115-120% of normal, the entbhalpy rise across the core
was only 6% of nominal, or equivalent to just 4°C. Thus although the entire pri-
mary coolant system was only slightly subcooled and still very close to boiling,
there was very little steam being generated in the core.

Under these conditions the coolant voidage would have been much re-
duced. The water was absorbing more neutrons, so the control rods were cor-
respondingly further withdrawn. The decrease in steam generation resulted in a
drop in steam pressure and disturbances to other reactor parameters. The oper-
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Figure 5.14: Phase 3: the equipment (01.00-01.23 I, April 26, 1986).
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ators tried to control both the steam pressure and the drum level manually but
were unable to hold these parameters above the normal “trip” point settings
(5 in Figure 5.14). To avoid the reactor’s tripping, the operators overrode the
trip signals with respect to these variables (violation 4).

At 01.09 h (4 minutes before the initiation of the test), the operator opened
the main feed valve (6 in Figure 5.14) to increase the water level in the steam
drum. With the feedwater flow increased by a factor of 3, the desired water
level was reached 30 seconds later. However, the operator continued to feed
the drum. As the cold water from the drum passed into the core, the steam gen-
eration rate fell noticeably, resulting in an even further reduction in steam
voidage. To compensate, all the 12 automatic control rods moved upward to a
“fully withdrawn” position (7 in Figure 5.14).

To maintain reactor power at 200 MW(t) the operator had also to move a
number of manual control rods up. This allowed one group of automatic con-
trol rods to reenter the core by 1.8 m.

The cool feedwater and the decrease in steam generation led to a small fall
in pressure. At 01.19.58 h, a steam bypass line to the condenser was closed, but
the steam pressure continued to fall (by 5 bars) over the next few minutes.

At 01.21.50 h, the operator sharply reduced the feedwater flow rate, which
resulted in an increase of water temperature passing to the inlet water with a
delay of the transit time (20 s) from the steam drums to the reactor inlet. The au-
tomatic control rods started to lower into the core to counter the effect of the in-
creased voidage.

At 01.22.30 h, the operator looked at the printout of the reactor parameters,
especially the residual reactivity margin left in the control rods. Over this period
the control rods remained substantially withdrawn.

A “safe” operating level was set to ensure that the control rods “dipping” into
the core were effective when they moved. The operator noticed that the reac-
tivity margin was at a value (less than 15 rods inserted into the core) that re-
quired him to trip the reactor. The test was, however, continued in violation of
this operating restriction (violation 5).

Calculations have shown that the number of control rods in the core at this
stage was 6 to 8—less than half the design “safe” minimum and a quarter of the
minimum number of 30 inserted rods given in the operating instructions (re-
lated to a negative reactivity insertion rate of 0.5-0.7% / s).

It should be observed that measurements from in-core flux monitors showed
the neutron flux profiles to be normal in the radial plane but doubly peaked in
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the axial direction with the higher peak in the upper region of the core. This
was caused by high xenon levels in the central part of the reactor, coupled with
steam generation in the upper parts of the core.

At 01.23.04 h, the experiment was initiated and the main steamline valves to
turbine generator No.8 were closed (8 in Figure 5.14). The protection provided
to trip the reactor when both turbine generators were tripped had been disen-
gaged to allow the reactor to continue to operate. However, this was not part of
the original plan for the experiment and was done apparently to enable the test
to be repeated if the first test was unsuccessful. Needless to say this was a fur-
ther violation of the operating procedures (violation 6). The operation of the re-
actor after the start of the experiment was not required.

The No. 8 turbine generator together with the four main circulating pumps
(see 2 in Figure 5.14) and two feedwater pumps (6 in Figure 5.14) started to run
down. With the closure of the main steam and bypass valves the steam pressure
rose slightly and the steam generation in the core correspondingly decreased
slightly (01.23.10 h). However, the main coolant flow and the feedwater flow re-
duced, causing an increase in both water inlet temperature and steam generation.
An increase in reactor power was noted at 01.23.31 h. An attempt was made to
compensate with the 12 automatic control rods, but this was ineffective.

A power excursion was experienced, and at 01.23.40 h, the shift manager at-
tempted a manual “scram” of the reactor. All the control rods and emergency rods
began motoring into the core. However, the rods could not be fully inserted. Be-
cause the rods were in a nearly withdrawn position, a delay of about 10 s oc-
curred before the reactor power could have been reduced. Indeed, the very act of
driving in the “overdrawn” control rods may have contributed to the initiating
event for what followed. The control rod “followers” (see Figure 2.14) displaced
the neutron-absorbing water on reinsertion to start the power excursion.

In this time a prompt critical power excursion driven by the increased steam
generation in the core (due to the pump rundown) and the strong positive void
coefficient led to severe fuel damage and fuel channel disruption. After 3 s the
reactor power had reached 530 MW(t) and continued to increase exponentially
to much higher levels. Only the negative fuel temperature coefficient (Doppler
effect) was acting to reduce the neutron population over this period. The spe-
cific energy deposited in the fuel was estimated to be greater than 1.2 MJ/kg.
There were two excursions in power. It has been suggested that the second
power peak was from additional voiding caused in turn by the rupture of the
pressure boundary during the first excursion.
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The condition of prompt criticality (see Section 2.3) is believed to be what
occurred in the last stages of the accident at Chernobyl. Complete voiding of
the RBMK core would have produced about a 3% increase in k, greater than the
delayed neutron fraction.

AL 01.24 h, witnesses heard two explosions, one after the other. Molten and
burning fragments flew up from the Unit No. 4 plant and some fell on the roof
of the turbine generator building, starting a fire.

Phase 4: Explosion and Fire [01.23.40-5.00 h, April 26 (Figure 5.15)].
The precise sequence of events following the reactivity insertion will probably
never be known, but based on analysis, actual observations, and previous ex-
perimental work a plausible picture can be put together.

One particularly relevant experiment is that undeirtaken in 1979 at the Power
Burst Facility (PBF), Idaho Falls, as part of the Thermal Fuels Behavior Program
for the USNRC. A single unirradiated UO, fuel rod, operating under conditions
representative of hot stairt-up of a boiling-water reactor (i.e., very similar to the
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Figure 5.15: Phasc -+ explosion and fire (01.23.40-05.00. April 20
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conditions at Chernobyl) was subjected to a power burst, resulting in a total en-
ergy deposition of 1.55 MJ/kg UO, (cf. Chernobyl about 1.2 MJ/kg UO,).

Extensive amounts of molten fuel debris were expelled into the flow channel
and against the pressure tube wall. A pressure pulse of 350 bars, suggesting an
energetic molten fuel-coolant interaction, was observed. Following the model-
ing of the accident, it would appear that in the case of the Chernobyl transient
the energy deposited in the fuel from the power transients probably resulted in
fuel melting or fuel fragmentation and dispersion. The fuel cladding initially re-
mained intact until voiding in the channel-induced “dryout,” after which the
clad temperature increased at 250°C/s. The subsequent explosive formation of
steam caused a sharp increase in the pressure within the fuel channel sufficient
to increase the steam drum pressure at ~10 bars/s and to stop or even reverse
the primary coolant flow. This is known because the check valves downstream
of the pumps closed at 01.23.45 h. This further voiding of the fuel channels re-
sulted in a second, larger power surge to about 440 times full power.

Fuel ejected from the fuel pins under the driving force of fission gas pressure
impinged on the pressure tubes, causing failure and releasing steam into the
graphite moderator space. With the pressure relieved at 01.23.47 h, water
rushed back into the fuel channels to interact with the fuel being ejected from
the fuel pins. A conservative estimate of the total thermal energy deposited in
the fuel is 50-100 GJ. Assuming a 1% efficiency for the conversion to mechani-
cal energy in an energetic fuel coolant interaction (FCI), a conservative explo-
sive energy of 0.5-1 GJ is estimated. This is broadly equivalent to 100--200 kg of
TNT (but, in the case of the explosive, detonation is much more rapid than in
the FCI). The conditions were also appropriate for other chemical reactions in-
cluding molten zirconium-steam and hot graphite—steam reactions. At 0.23.48
h, two explosions were noted in succession; the first could have resulted from
the fuel-coolant interaction and the second from hot hydrogen and carbon
monoxide mixing with air and exploding as the containment of the reactor
vault failed. These detonations, together with the buildup of steam pressure,
blew the 1000-ton top shield off and rotated it through 90° (Figure 5.16). It also
broke all the pressure tubes and lifted some of the control rods. Some of the
graphite blocks from the reflector were ejected, the charge face was destroyed,
and damage was done to the charge hall and some of the structural parts of the
building. Fragments of core materials fell onto the roofs of the reactor and tur-
bine buildings. The refueling machine that stood on the charge face “leapt up
and down,” causing further pipework failures. Over 30 fires were started in var-
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ious areas due to ruptured fuel lines, damaged cables, and thermal radiation
from the exposed core.

By 01.30 h, the firefighters on duty had been called out and were reinforced
with firefighting units from Pripyat and Chernobyl. Graphic accounts have been
given of the extreme heroism of these firefighters, many of whom have since
perished as a result of their exposure to lethal doses of radiation. By 05.00 h,
the fires on the reactor and turbine buildings had been extinguished. Amaz-
ingly, the three other units at the station continued to operate. The No. 3 Unit,
which was adjacent to the damaged unit, was not shut down until 05.00 h. The
other two units continued to operate until the early hours of the following
morning, some 24 h after the accident. Fuel temperatures, initially high due to
the energy deposited in the transient, fell as the heat was transmitted to the
graphite and other reactor components.

Phase 5: The Aftermath (05.00 h, April 26 to May 6). With the reactor
core badly damaged and the cooling system not functional, the Soviet engineers
started to consider how to fight the graphite fire and how to reduce core tem-
peratures, deal with the decay heat, and limit fission product release. They ini-
tially tried to cool the core by the use of emergency and auxiliary feedwater
pumps to provide water to the core. This was unsuccessful. Given the continu-
ing graphite fire and ongoing significant release of fission products, the decision
was taken to cover the reactor vaults with boron compounds, dolomite, sand,
clay, and lead. The boron was to stop any recriticality; the dolomite gave off
CO, as it heated up (which reduced the access of oxygen to the graphite fire);
the lead absorbed heat, melted into gaps, and acted as shielding; while the sand
acted as an efficient filter.

Over the period April 27-May 10, over 5000 tons of materials were dropped
by military helicopters. The reactor core was thus covered by a loose mass that
effectively filtered the fine aerosol fission products. Around May 1, some 6 days
after the accident, fuel temperatures started to increase due to fission product
decay heating and graphite combustion. To reduce temperatures, compressed
nitrogen was fed into the space beneath the reactor vault. Fuel temperatures
peaked about May 4-5 at around 2000°C and then began to drop. It is believed
that about 10% of the core graphite was consumed during this period. By May
6, the discharge of fission products had virtually ceased, having decreased by a
factor of several hundred.
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Phase 6: Stabilization and Entombment [from May 6 (Figure 5.17)].
From early May the situation at the damaged reactor improved. Monitoring de-
vices to measure temperatures and air speed were lowered into the debris. The
exact disposition of the fuel in the damaged reactor is not known. By May 6 at
least 60-80% of the fuel had been released from the reactor vessel itself. About
130 tons of the molten radioactive material from the core formed into a “lava”
most of which found its way to the lower parts of the reactor building.

From May 6, temperature conditions in the reactor vault were stable at several
hundred degrees centigrade but falling at 0.5°C/day, fission product releases were
down to tens of curies/day, and radiation levels in the areas immediately adjacent
to the reactor were at levels of single sieverts per hour. Further fires broke out on
May 23 in the plant areas above the damaged reactor. Although these were in
high-radiation zones, they were successfully dealt with.

The worry was that the molten debris would melt through the last 50 cm of
a 2-m-thick concrete slab at the 9-m level. A flat concrete slab incorporating a
heat exchanger was designed and installed in the area beneath the reactor
vaults by the end of June. A decision was taken to entomb the critically dam-
aged unit in protective concrete walls 1 m thick. This included a perimeter wall
enclosing the turbine and reactor blocks as well as internal and dividing walls
between Units 3 and 4 and a protective cover over the turbine and reactor
blocks. An internal recirculating ventilation-cooling system was installed, and
the entombed reactor was maintained at reduced pressure (in respect of atmos-
pheric pressure) and the exhausted air discharged through filters and a stack.
This work was completed by early autumn of 1986. However, the “sarcopha-
gus,” as it is known, did not remain leak-tight for long and there continue to be
concerns about its integrity and the up-ended top shield-reactor roof.

Consequential Events and Core Damage. The reactor core was very se-
verely damaged by the explosion, which also caused structural damage to the
reactor building. A considerable discharge of fission products took place (Fig-
ure 5.18), and it is estimated that excluding the noble gases, 70 megacuries
(when related to the time of the reactor shutdown, ~ 2.6 x 10" Bq) were re-
leased in essentially two periods: the initial explosion and early stages of the
graphite fire (April 26--27) and the later heat-up transient (May 2-5). This total
release corresponds to 3-3.5% of the total fission product inventory—some 6-7
tons of material.

Of this, some 0.3-0.5% (0.6--1 ton) is estimated to have remained on the site,
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.. . after entombment

Figure 5.17: Chernobyl Unit No. 4 before and after entombment.
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Figure 5. 18: Daily radioactive releases into the atmosphere from the accident (with-
out radioactive noble gases) (1 MCi = 37 x 10"* Bq = 37E Bq).

with 1.5-2.0% (3-5 tons) being deposited within 20 km and 1.0-1.5% (2-3 tons)
being transported to greater distances. Particle sizes of the released material
ranged from below 1 micron to 10s of microns.

Table 5.1 shows the estimated fractional releases of fission products during
the accident. Most of the gaseous fission products (Xe, Kr) were released to-
gether with significant amounts of 1'*! and Cs'?” as well as smaller amounts of
fuel aerosol material produced by corrosion of UO, exposed in the mechanical
and thermal disruption of the reactor core. Table 5.1 shows the corresponding
releases for the accident at Three Mile Island, both for the release from the re-
actor core and the release to the environment.

It will be seen that the extent of fuel damage and fission product release
from the core in the two accidents is very comparable. However, the effective-
ness of the containment and the ECCS in preventing any significant release to
the environment in the case of TMI-2 is dramatically clear.

At Chernobyl two operators were killed by falling debris and burns durisg
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Table 5.1 « Three Mile Island and Chernobyl Releases Compared

T™MI-2: T™I-2: Chernobyl:
Outside the Core To Environment To Environment
Noble gases 48% 1% 76
Xe,Kn)
I 25% 3% 10'% 15-20%
Cs 53% not detected 10-13%
Ru 0.5% not detected 2.9%
Ce (group) NIL not detected 2.3-2.8%

the first few hours after the accident. Up to the end of August 1986, a further 29
people, all involved in firefighting or other accident recovery methods, had
died of massive doses of radiation. About 200 staff received high radiation
doses and burns.

A 30-km radius control zone was established around the Chernobyl! site.
Pripyat, Chernobyl, and other population centers were evacuated from April 27
onward: in all, about 135,000 people plus several thousand livestock. In 1990,
50,000 more people were evacuated, and further evacuations have occurred
since, although the average doses delivered by the environment directly are
now low.

A massive effort was undertaken to decontaminate the Chernobyl site (to
permit entombment of the No. 4 Unit and the return to operation of the other
undamaged units) and the surrounding 30-km zone. Special measures were de-
vised to protect ground and surface water from contamination by way of cur-
tain walls between the reactor site and the Pripyat River. In all, about 650,000
persons involved in the cleanup of the plant site and the 30-km zone were ex-
posed to radiation.

Very extensive areas of the former Soviet Union and beyond its frontiers
were affected by fallout. The plume from the initial fission product releases
reached a height of 1200 m. The cloud was generated over several days (Fig-
ures 5.19 and 5.20). Initially the cloud traveled northwest, missing Pripyat,
across the Soviet Union and northeast Poland to Scandinavia. Some days later it
changed direction and swung southward across Poland and Central Europe.
Figure 5.19 shows the likely trajectories of materials reduced from Chernobyl
on April 26.

Heavy rain on April 30 and May 1 led to wet deposition of radioactivity
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across France, Switzerland, southern Germany, and Czechoslovakia. On Friday,
May 2, the cloud reached Britain. While the cloud cleared southern and eastern
Britain on May 2 and 3, heavy rain occurred in North Wales, Cumbria, and Scot-
land, causing relatively high levels of Cs¥7 activity (Figure 5.20). From May 3,
the cloud passed more to the south, over Yugoslavia, Italy, and Greece.

An assessment of the implications of this spread of radioactivity over Europe
can only be approximate. The United Kingdom’s National Radiological Protec-
tion Board has estimated a collective effective dose integrated over all time of
80,000 man Sv. Current estimates indicate perhaps 30,000 fatal cancers resulting
over the next 40 years in the affected parts of Russia and Western Europe. This
value needs to be compared with over 30 million cancer deaths expected in the
same population over the same time period.

In 1991 the International Atomic Energy Agency issued the results of a major
study, the International Chernobyl Project, looking at the health effects of the
accident. It involved about 200 independent experts from 22 countries and
seven international organizations. It concluded at that stage that there were no
health disorders that could be directly attributed to radiation exposure and
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Figure 5.19: MESOS trajectories orginating from Chernobyl at 09.00 h, 12.00 h, and
15.00 h. GMT on April 26, 1986 (ApSimon, et al., 1986).
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Figure 5.20: Caesium-137 (Bq m™) in vegetation in the United Kingdom. (From the
Institute of Terrestrial Ecology.)

therc were also no indications of an increase in leukemias and cancers. There
were, however, significant non-radiation-related health disorders in the popula-
tion surrounding Chernobyl. Nine years after the accident, many of the ex-
pected health effects had not become apparent because of the latency period
for some radiation-induced cancers. So the health effects can be summarized as:

e Acute radiation sickness and burns from B radioactivity to some 200 people
causing 28 deaths.

¢ Childhood thyroid cancer in children living in and around Belarus and the
northern district of Ukraine. So far nearly 500 cases of childhood thyroid
cancer (associated with the uptake of 1'*") have been detected in a
population of 3 million children at risk.

¢ Nonradiological effects from stress-related conditions in a population of 10
million living in the most affected regions.

On the basis of past experience, some further health effects may be observed in
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the 100-km-radius regions around the plant, particularly in relation to breast
cancer and skin and lung cancers.

In Britain, restrictions were imposed on the movement and slaughter of
sheep and lambs grazing on caesium-contaminated grass in North Wales, Cum-
bria, and Scotland; originally about 4 million sheep out of a national flock of 25
million were subjected to controls. By March 1988, the number had been re-
duced to 300,000, but some controls were still in place as recently as 1995. The
extra radiation dose received due to inhalation from deposited activity or
through the food chain is expected to be on average about 3.5% above the nor-
mal annual dose due to natural background radiation (70 micro Sv. in about
2000 micro Sv.). This increase, however, varies from 10% in the north and west
to just 1% in the south of the country.

Causes of the Accident. Given the magnitude and severity of the accident
and the fact that other reactors of this type were still in operation, the (then) So-
viet Union established a Government Commission to study the causes of the ac-
cident. In its report to the IAEA Chernobyl Post Accident Review Conference in
August 1986, the Soviet delegation acknowledged that a number of factors had
contributed to the accident. Underlying the specific design and operational as-
pects of the accident were the institutional and organizational shortcomings of
the Soviet nuclear industry. Since the accident, many analyses have been un-
dertaken and published. The general conclusion from these analyses of the
Chernobyl accident is that no new reactor safety issues have been identified.
One unusual, perhaps remarkable, feature of the Chernobyl accident is that
failure of equipment played no part in the events leading up to the explosion.
Likewise, only one of the actions taken by the operators—uwiolation 2, failing to
reset the set point of the automatic regulation system at 00.28 h on April 26—
can be considered a mistake. All the other violations of the operating rules were
deliberate with the specific objective of completing the voltage regulation ex-
periment.
Design Shortcomings. First, the concept and design of the reactor itself was the
major contributory factor. While the RBMK reactor has some inherent features
that made it quite attractive (including the lack of a thick-walled pressure ves-
sel, the absence of steam generators, the capability to replace fuel on load, and
ease of construction on remote sites), it also has features that were shortcom-
ings:

1. Positive power coefficient at low power levels. The power cocefficient and de-
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sign of a reactor dictates its behavior and stability. If the power coefficient
is negative, any power rise will be self-limiting; if positive, the converse.
The power coefficient is made up of a number of individual components,
but in the case of the RBMK, two components are dominant: the negative
effect of fuel temperature (Doppler) increases and the positive effect of an
increase of steam voidage in the core. At power levels below 20%, the pos-
itive void coefficient becomes much stronger than the negative fuel tem-
perature coefficient. As a result the power coefficient is overall positive and
the reactor unstable.

2. Slow shutdown system. The reactor control and protection system was too
slow and inadequate in design. The shutdown system was dependent for its
effectiveness on appropriate operation of the reactor control system, which
was complex and largely manual. Because computers were rudimentary and
unreliable when the RBMK reactor was originally conceived, the designers
assumed that human operators would be more reliable. They failed to see
the need for engineered safeguard features to counteract the operator’s dri-
ving the reactor into extreme situations for which the slow shutdown system
would be ineffective.

3. “Positive scram.” Associated with the poor design of the protection system is
the design feature that with the control rods fully withdrawn, the initial effect
of insertion is to increase reactivity in the lower parts of the core, due to the
displacement of water by the graphite followers. Normally, the entry of the
boron carbide absorbers would reduce reactivity at the top of the core and
overwhelm this increase. However, in the specific sequence of April 26,
19806, because of the double-peaked axial flux profile resulting from the
xenon transient, this was not the case. The converse happened: entry of the
control rods initially produced either a neutral or even a slight increase in re-
activity—"positive scram.”

4. Design of containment. This was inadequate to cope with this extreme acci-
dent. The RBMK reactors do not have a common containment to cover both
the reactor and primary circuit.

These unfavorable features, either individually or in combination, are inconsis-
tent with Western safety design principles and would not have been licensed or
built in the West.

Operator Violations. Clearly the operators had violated a number of operat-
ing regulations vital for the safe operation of the plant, but these only magnified
the design shortcomings, particularly at low power. The most serious violations
have been highlighted earlier.

It is appropriate to ask why the operators seemed prepared to violate so many
operating rules. The explanation seems to be that no serious consideration had
been given to the safety aspects of the experiment. The Soviet Government Com-
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mission report states: “Because the question of safety in these experiments had
not received the necessary attention, the staff involved were not adequately pre-
pared for the tests and were not aware of the dangers.” It seems the experiment
was regarded as simply another electrical test. At the same time, operators report-
edly felt they were under extreme pressure to complete the planned experiment
that night since they knew it could be a full year before they had another chance.
Other factors could also have influenced the operators to cut corners: The Cher-
nobyl station was “top of the league” for availability, the experiment was delayed
(by grid control) and came at the end of a working week early in the morning,
and it was the eve of the May Day holiday.

Institutional and Organizational Shortcomings. In addition, shortfalls in
managing the safe operation of the power plant were a major contributory
cause, and a number of local and central government staff were removed from
their positions and convicted of negligence. A separate Ministry of Nuclear En-
ergy was set up alongside the Ministry of Power and Electrification. Professor
Legasov, head of the Soviet delegation to the August 1986 IAEA Conference, in
his memoirs (he died on April 27, 1988, the second anniversary of the accident)
noted the many instances when expediency overcame quality—poor con-
struction, defects in design and manufacture not rectified, etc. Most of all he
was critical of the management of safety in the Soviet Union. “The level of
preparation of serious documents for a nuclear power plant was such that
someone could cross out something and the operator could interpret, correctly
or incorrectly, what was crossed out and perform arbitrary operations.” This has
been described succinctly as a lack of a safety culture.

The Remedies. Russia and Ukraine have now implemented a number of
measures to improve the safety characteristics of the RBMK reactors, but the
measures also produce some increases in unit generating costs.

1. The control rod positional set points have also been reset so that all the con-
trol rods “dip” into the core at least 1.2 m, with the physical capability to pre-
vent their being withdrawn outside that limit. At the same time the positive
scram effect has been eliminated by lowering the rods 0.7 m-1.2 m.

2. The minimum number of control rods in the reactor at any one time has been
doubled to 70-80. This limits the influence of the positive void coefficient
and ensures a less rapid reactivity insertion,

3. As a longer-term measure the void coefficient has been significantly reduced
so that the reactor cannot become prompt-critical. This has been done by in-
creasing the number of fixed absorbers in the core. To compensate for the
associated loss of activity, the fuel enrichment has been increased from 2% to
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2.4% U-235.
4. Additional instrumentation has been provided to measure subcooling at the
inlet to the main circulating pumps.

5. An additional independent “fast” shutdown system with an insertion time of
1-2 seconds has been introduced. The reactor will be automatically tripped
without operator intervention if the reactivity margin for control reduces
below a preset level.

In addition, wide-ranging improvements in technical management and operator
training have been implemented at Chernobyl and the other RBMK reactors.
Given that no accident of such magnitude had previously happened to any
nuclear power plant in the world, the coordination and response of the many
Soviet recovery services appear to have been exemplary. However, the re-
source and monetary cost to the Soviet economy is impossible to estimate—it
must be at least one order of magnitude greater than the $1 billion for TMI-2.

5.3 HEAVY WATER-MODERATED REACTORS
5.3.1 The NRX Incident

The NRX reactor in Chalk River, Canada, is an experimental reactor, in some re-
spects a forerunner of the present CANDU reactors. It was designed to operate
at a full power of 40 MW(t), and the layout of the fuel channels is illustrated in
Figure 5.21. Single fuel rods are cooled by light water flowing in an annulus be-
tween the rod and a pressure tube, which in turn passes through a calandria
tube mounted in a tank of heavy water, which acts as the moderator.

On December 12, 1952. the reactor was undergoing tests at low power. The
circulation flow of the light-water coolant was reduced in many of the rods
since not much heat was being generated in the fuel. Noting that several red
lights indicating withdrawn control rod positions suddenly came on, the super-
visor went to the basement and found that an operator was opening valves that
caused the control rod banks to rise to their fully withdrawn positions. He im-
mediately closed all of the incorrectly opened valves, after which the rods
should have dropped back in. Some of them did, but for unexplained reasons,
others dropped in only enough to cause the red lights to turn off. The latter
rods were almost completely withdrawn.

From the basement, the supervisor phoned his assistant in the control room,
intending to tell him to start the test over again and to insert all the control rods
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Figure 5.21: Cross section of NRX fuel tube.

by pushing certain buttons. A misunderstanding resulted in the wrong button’s
being pressed, but the operator in the control room soon realized that the reac-
tor power was rising rapidly and he pressed the “scram” button to trip the reac-
tor. The control rods should then have dropped in under the action of gravity,
but many of them did not, and the power continued to climb. After a hurried
consultation, it was decided to dump the heavy-water moderator from the ca-
landria tank; this shut down the reactor, but not very quickly since it took some
time to drain. The reactor power had peaked between 60 and 90 MW(0).

The increase in power, coupled with the low flow in some of the fuel chan-
nels, caused boiling of the light water, which increased the internal pressure
and caused the coolant pipes to rupture. The situation was exacerbated by the
fact that loss of the light water from the fuel channels gave an increase in reac-
tivity and increased the initial power pulse. Some fuel melting was experienced,
and the heavy-water calandria tank was punctured in several places. About I
million gallons of water containing about 10,000 curies of radioactive fission
products had been dumped into the basement of the building.

The core and the calandria, which were damaged beyond repair, were re-
moved and buried, and the site was decontaminated. An improved calandria
and core were installed about 14 months after the incident.

The main lesson learned from this incident was that absolute security of control
rod operations is mandatory, and modern systems go to great lengths to achieve
this. The NRX incident was made worse by the fact that this kind of system has a
positive void coefficient, so that the natural event (i.e., the boiling of the water due

to heat being input into it) leads to an increase in neutron population.
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5.3.2 The Core-Damage Incident at Lucens

The experimental 30-MW(t), carbon dioxide—cooled, heavy water—-moderated
nuclear power station at Lucens, Switzerland, combined the fuel and coolant of
the British Magnox reactors with a heavy-water moderator. The fuel element
consisted of a graphite column with seven parallel longitudinal channels (Fig-
ure 5.22a). Each channel contained fuel rods made from slightly enriched ura-
nium metal clad in a finned magnesium alloy (Magnox) can (Figure 5.22b).
Each fuel element was placed in a Zircaloy pressure tube, closed at the bottom
end so that the flow of high-pressure (60 bars) carbon dioxide was directed
down the annulus between the graphite column and the pressure tube before
passing upward to cool individual fuel rods. The heavy-water moderator was
contained in an aluminum alloy calandria tank 3 m in diameter and 3 m high,
through which the vertical pressure tubes passed (Figure 5.22¢).

On January 21, 1969, an accident occurred that resulted in the destruction of
one of the fuel elements and the rupturing of its pressure tube. The carbon
dioxide expanded into the moderator tank and, after fracturing its rupture disks,
entered the reactor containment, which in this case was an underground cav-
ern, carrying with it fission products and a large fraction of the heavy-water
moderator. The reactor was subsequently dismantled.

Postmortem. The investigations into the causes of the accident were com-
plex and lasted about 10 years (Fritzsche, 1981). The initiating cause of the ac-
cident was ingress of water into some of the fuel channels around the edge of
the core. This was caused by water leaking from the shaft seals of the carbon
dioxide gas circulators. Because the pressure tube was closed at the bottom
end, a standing water level was formed in these edge fuel channels when the
reactor was shut down. Corrosion at the water-air interface resulted in complete
removal of the finning over a short length of the fuel rod.

When the reactor was started up on January 21, 1969, water and corrosion
products were blown out of the fuel channel. However, due to the lack of any
extended surface in the region of the corrosion damage, the magnesium alloy
cladding started to melt (at 640°C). The molten cladding soon ran down the
channel and solidified, causing a blockage that prevented coolant flow to that
channel The uranium metal soon reached its melting point (1130°C). The ura-
nium and the magnesium alloy ignited in the carbon dioxide and the molten
metals slumped down inside the graphite column. This column, however, was
heated nonuniformly.
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Figure 5.22: Layout of Lucens reactor and fuel element.

The column bowed and contacted the pressure tube, which in turn over-
heated and burst open under the action of the coolant gas pressure. Only sec-
onds earlier the reactor had been tripped because of the release of fission
products into the coolant gas stream.

Immediately following the pressure tube rupture, the pressure in the moder-
ator tank rose rapidly. At a pressure of 8 bars the bursting disks blew, 0.1 s after
the pressure tube rupture, and the expanding CO, bubble forced about 1 ton of
heavy water out of the moderator tank.
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When the pressure tube ruptured, the graphite column also burst apart and
the superheated liquid uranium and magnesium metals contacted the pressure
tube wall. The Zircaloy wall melted locally and the liquid metal was ejected into
the moderator. About 2 kg of the finely dispersed material reacted explosively
with the heavy-water moderator. The resulting jet of fire damaged an adjacent
pressure tube, which, however, was quenched by returning heavy water before
it ruptured. The pressure spike as a result of the chemical explosion reached
16-25 bars and expelled more D,O from the tank.

Perhaps the most significant aspect of this event was the fact that the ingress
of water to the core was not identified. The susceptibility of Magnox cladding
to corrosion by water is well known, but the very localized and extensive na-
ture of the corrosion process in removing the finning from the fuel was crucial.
The disadvantage of closed-end fuel channels and the separate parallel chan-
nels is also to be noted. It was later determined that even if one of the seven
flow channels in the graphite column was completely blocked, the flow to that
fuel assembly decreased by only 2%.

5.4 GAS-COOLED REACTORS
5.4.1 The Windscale Fire

This accident occurred in one of the large air-cooled reactors (then called
“piles”) designed for plutonium production and situated at the U.K. Atomic En-
ergy Authority (UKAEA) Windscale works on the northwest coast of England.
On October 7, 1957, the reactor was shut down for a routine maintenance op-
eration, which was aimed at releasing the stored (“Wigner”) energy deposited in
the graphite by atomic displacement, as described in Section 3.3. The accepted
practice was to use nuclear heating to bring the graphite moderator up to a
temperature where the atoms moved naturally back into their original positions.
This process releases further energy, which appears as heat. The heat release is
then sufficient to continue the annealing process, and the nuclear heating is dis-
continued. However, the structure of the Windscale pile was such that pockets
of nonannealed graphite presented problems and required a second nuclear
heating. At 11 A.M. on October 10, the operators were alerted to the fact that
there was a problem by radioactivity monitors, which showed that the activity
had increased by a factor of 10 over the normal background level. At 4:30 p.m.,
visual inspection of the fuel channels revealed that many fuel cartridges were
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glowing red hot. Attempts to discharge the very hot cartridges failed since they
had swelled and jammed in the fuel channels. Further attempts to cool the pile
with carbon dioxide during the night of October 10-11 also failed. At 8:55 A.m.
on October 11, water was used to cool the very hot fuel, and the core was fi-
nally brought to a cold state by 3:20 p.M. on October 12.

Since the reactor was cooled by air, any material released from the burst fuel
cartridges was carried in the air stream up to a discharge stack. The stack had a
filter system, but it removed only 50% of the particulate emission. It was not ef-
fective in removing the noble gases (xenon and krypton) or the volatile iodine-
131, and about 20.000 curies of iodine were released to the atmosphere.

Investigations after the accident suggested that the second nuclear heating was
applied too rapidly and, as a result, one of the fuel cartridges burst. Oxidation of
the uranium in this burst fuel cartridge caused a fire, including combustion of the
surrounding graphite moderator. The burning of the graphite released further en-
ergy in the zone of the core around the original point of ignition, and by the
evening of October 10, 150 channels containing approximately 8 tons (8000 kg)
of uranium fuel were on fire. Showing very considerable courage, the operators
created a firebreak by discharging the fuel cartridges from the channels adjacent
to the combustion zone. When water was finally used to cool the channels, there
was a recognized considerable risk of explosion and thus a greater release. The
station was placed on emergency during this procedure.

This early form of reactor is obviously very different from a modern power
station. The use of metal fuel led to the combustion, which initiated a graphite
fire, which was kept going by the continuing flow of air through the reactor.
However, the incident is of particular interest in nuclear safety analysis because
of the iodine release, which was much greater than that which occurred, for ex-
ample, at Three Mile Island.

The filters placed in the stack, which held back 50% of the radioactive
iodine, the released strontium, and the released cesium, were an afterthought
and the result of the insistence of Dr. (later Sir) John Cockcroft of the UKAEA.
They were known colloquially as “Cockcroft’s follies.” Although these filters
were clearly very helpful in limiting the release, their design was inadequate to
trap the volatile fission products.

After the accident, milk supplies were monitored; radioactive iodine can eas-
ily find its way into milk by deposition on grassland and ingestion by cows. The
sale of milk derived from herds in that part of England surrounding the Wind-
scale plant was stopped for about 6 weeks.
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The consequences of the Windscale incident have been studied by the Na-
tional Radiological Protection Board. It has been estimated that ~30 additional
cancer deaths may have occurred in the general public, representing a 0.0015%
increase in the cancer death rate (in other words, over the period when these
30 deaths may have occurred, 1 million deaths from cancer would have oc-
curred in the exposed population).

5.4.2 The Fuel Meltdown at St. Laurent

The St. Laurent plant of Electricité de France is a 500-MW(t) Magnox reactor
that was first brought into operation in January 1969. The reactor is fueled on
load and the machine that carries this out is called a charging machine. We
shall consider the use of these machines in Chapter 7 in discussing the handling
of fuel elements subsequent to their period in the reactor core. The charging
machine is a very large device that is computer-controlled to move about the
top of the reactor and position itself properly over each access port to unload
and load the fuel. Figure 5.23 illustrates the layout of the St. Laurent reactor.

During the midnight shift on October 17, 1969, with the reactor near full
power, a normal loading and unloading operation was in progress. Graphite
plugs that had been placed temporarily in one of the fuel channels in the core
were being replaced by fuel. The charging machine had unloaded the graphite
plugs from the core into its empty storage chambers and had loaded fuel into
the core from two of its full chambers, but then it stopped. Three full chambers
of fuel elements are required to load one fuel channel in the core completely,
and each chamber contains four elements. When the charging machine
stopped, the operator overrode the automatic system, and after a series of man-
ual operations, he accidentally charged a flow restriction device into the chan-
nel instead of a fuel element. These flow restrictors were used to control the gas
flow to individual channels. The loading of a flow restrictor into this particular
channel so reduced the flow that the fuel elements were inadequately cooled.

Some of the fuel elements in the affected channel heated up beyond their
melting point, and the molten fuel flowed out of the channel onto the diagrid
below (Figure 5.23). This released radioactive fission products, set off alarms,
and activated a reactor trip. The molten fuel (about 50 kg) was still still con-
tained within the massive concrete structure; hence, little, if any, radioactivity
was released outside the structure and there were no injuries. However, a year
was needed to complete the cleanup operations and restart the reactor. Modifi-
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Figure 5.23: Reactor at St. laurent.

cations to the machine were made, and it is no longer so easy to override the
automatic system and bring the machine into manual control.

This accident and a similar one at the British Chapelcross reactor in Scotland
again demonstrate the importance of carefully matching the heat removal and
heat input characteristics for the system as a whole and for each component
part. Again, the scope for operator error is noted, and this has necessitated steps
to reduce the scope.

5.4.3 Seawater Ingress in the Hunterston B AGR Station

This incident occurred soon after the initial commissioning of the advanced gas-
cooled reactors at Hunterston in Scotland. On October 2, 1977, the B2 reactor
was shut down for modifications to the plant. On October 11, the carbon diox-
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ide gas pressure was being reduced when alarms, instruments reading, and gas
samples began to show excessive moisture in the reactor coolant gas. Subse-
quently, it was discovered that about 8000 liters of seawater had entered the re-
actor vessel. Damage to the insulation in the annulus below the boilers was
extensive. It had to be completely replaced and the reactor was out of service
for about 28 months. The repair work cost £13 million (Gray et al., 1981).

At first it seems incredible that a large amount of seawater could enter the
pressure vessel of a gas-cooled reactor. The circumstances were these. Figure 5.24
shows the gas circulator cooling system. During initial commissioning of the re-
actor in April 1977, the demineralized water in the cooling circuit for the seals on
one of the circulators was found to be acidic due to the presence of carbon diox-
ide. Carbon dioxide was entering the cooling water through a crack in a seal
weld. In order to allow the reactor to run until its planned shutdown in October,
it was decided to continue the commissioning phase of the operation and run the
acidic water to waste via a temporary connection to the reactor seawater cooling
system, thereby avoiding corrosion of the circulator cooling system.

When the gas pressure was reduced below the seawater cooling system pres-
sure, a flow path for the seawater was established. This would not have hap-
pened if the isolating valves in the temporary drain connection, which had earlier
been logged as shut, had in fact been shut. Actually, they were partly open.

This incident points to the dangers of temporary modifications made without

Gas circulator motor- Demineralized water— Heat exchanger

Sea water
Leakage
occured here

Gas crrculator cooling system

Figure 5.24: Hunterston B gas circulator cooling system.
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full analysis of all the implications and to the importance of positive indication
of valve positions.

5.4.4 Fuel Damage during Charging at the Hinkley Point B AGR

The advanced gas-cooled reactors are designed to be refueled while in opera-
tion. Initial on-load refueling operations with the first two AGRs at Hunterston
and Hinkley Point were confined to the charging of fuel into channels in which
dummy fuel assemblies had been loaded when the reactor was first charged
with fuel. By November 1978, some 15 fuel assemblies at Hinkley and 20 at
Hunterston had been charged on-load into these so-called vacancy channels.

On November 19, 1978, a fuel assembly was being withdrawn from channel
4K05 on Hinkley Point B reactor R4. The assembly was raised about 10 ft and
then snagged, and the charge machine hoist tripped out on overload. Subse-
quently, it was successfully raised into the charge machine. Visual examination
of the connected string of fuel elements withdrawn from this reactor channel
(the stringer) showed the graphite sleeves surrounding the third, fourth, and
fifth elements to be severely damaged. Damage to the graphite sleeve resulted
in the fuel elements above the damaged sleeve being starved of coolant and
thus overheating, resulting in failure of some of the fuel “pins” that made up the
element. Subsequently, a large portion of graphite sleeve from element 4 was
recovered from the reactor during a statutory in-reactor inspection. The level of
radiation from the sleeve suggested that it was never in the reactor core and
that the damage occurred during the loading process. The damaged assembly
had been loaded into a vacancy channel at 82% power earlier in the year. The
incident caused doubts about the safety of refueling AGRs at power, and an em-
bargo was placed on on-load refueling. A program of investigations was begun
to establish the cause of the problem.

When the fuel is being lowered into the reactor, it receives considerable buf-
feting from the very high gas flow through the empty channel. It is believed that
small cracks may have been present in a number of fuel element sleeves and
that the sleeve of element 4 cracked further due to the pressure differential
across the sleeve during on-load refueling. Techniques have been developed to
detect cracks in sleeves, and these and other improvements have been incor-
porated into the AGRs. On-load refueling has been resumed at low power.



194 INTRODUCTION TO NUCLEAR POWER

5.5 LIQUID METAL-COOLED FAST REACTORS
5.5.1 The EBR-1 Meltdown Accident

The U.S. Experimental Breeder Reactor 1 (EBR-1) had the distinction of being
the first reactor to generate electricity. Construction of the reactor began in
1948, and electric power production started in December 1951. The reactor was
designed for a thermal output of 1 MW(t) and an electrical power output of 200
kW(e). Of course, the power production was more for demonstration than for
economic viability.

The core of the reactor is illustrated schematically in Figure 5.25a. During its
lifetime, the reactor was operated with four different core configurations, all
with fuel in metallic form. The first three cores were of highly enriched ura-
nium, consisting mainly of U-235. The second core had a uranium-zirconium
alloy fuel containing 2% zirconium. The fuel pins were 1.25 cm in diameter, and
217 pins in a triangular array were mounted in a central hexagon 19 cm across,
forming the core of the reactor. The small size of this core illustrates the great
compactness of liquid metal-cooled fast reactors. Around the central U-235 re-
gion there was a blanket region containing natural uranium rods, as shown in
Figure 5.25a. The coolant for the reactor was a sodium-potassium mixture
(NaK) that is liquid at room temperature (see Chapter 3).

With the second core, power oscillations were observed at very low core
flows. In an experiment to examine this effect beginning on November 29,
1955, with the core flow totally stopped and certain safety interlocks cut out,
power was rapidly raised in order to determine the magnitude of a previously
observed increase in reactivity with temperature. It had been intended to termi-
nate the experiment with the fuel temperature at 500°C, but through the com-
bination of this temperature effect and an operator error, the temperature rose
to more than 720°C. At this temperature the uranium metal fuel and the stain-
less steel can begin to interact, leading to the melting of about 40% of the core,
but without explosion, plant damage, or radiation hazard.

As explained in Chapter 4, bringing the pins closer together in a fast reactor
causes an increase in reactivity or neutron population. The mechanism by which
the EBR-1 core meltdown occurred was related to this. It was possible for the
rods to bow as illustrated in Figure 5.256, and this gave an increase in reactivity
that was self-propagating as the increased temperatures increased the amount of
bowing. This accounted for the temperature effect that was being investigated at
the time and that was subsequently explained theoretically. The core of EBR-1
was later removed and replaced by another core designed to eliminate the bow-
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Figure 5.25: The EBR-1 meltdown incident.
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ing effect by the use of spacer ribs. The expansion of the ribbing with increasing
temperature causes the core to expand, giving a negative rather than the previ-
ously observed positive temperature coefficient of reactivity.

The EBR-1 reactor, which was finally shut down in December 1963, gave in-
formation of great value related to the design of fast reactors. Now all fast reac-
tor cores are designed with significant amounts of restraint so that they always
have a negative temperature coefficient of reactivity. In fact, it may be possible
in the future to design fast reactor cores that are inherently safe in that they ex-
pand to switch off the nuclear reaction even if the control rods fail to actuate.
This is one of the features of fast reactors that make them in some respects even
safer than thermal reactors.

5.5.2 Fuel Melting Incident at the Enrico Fermi 1
Fast Breeder Reactor

The Enrico Fermi reactor was a sodium-cooled fast breeder demonstration re-
actor, producing 200 MW(t) [61 MW(e)]. The plant was located near Lagoona
Beach, Michigan, and started operation in 1963. After extended low-power op-
eration, power raising took place during 1966. When this was being done, it
was noted that the coolant temperatures above 2 of the 155 fuel assemblies
(clusters of fuel rods) were higher than normal and the temperatures above an-
other assembly were lower than normal.

The reactor was shut down, and the fuel assemblies were rearranged in the
core to determine whether these abnormal temperatures were dependent on
location in the core or were characteristic of the fuel assemblies themselves.

On October 5, 1966, the rise to the selected power level [67 MW(D)] for these
tests on the rearranged fuel elements was begun. At about 3 r.M., with the re-
actor at a power level of 20 MW(t), the reactor operator observed a control sig-
nal, indicating that the rate of change of neutron population was erratic. The
problem had been experienced before and was thought to be due to random
electrical fluctuations in the control system. The reactor was placed on manual
control, and when the instability disappeared, automatic control was again se-
lected and the increase in power resumed.

At 3:05 p.M., with the reactor power at 27 MW(t), the erratic signal was again ob-
served. Shortly after that it was noted that the control rods were withdrawn farther
than normal. A check of the core exit temperatures showed that the outlet tem-
peratures from two subassemblies were abnormally high at 380 and 370°C (715
and 695°F), compared with a mean bulk outlet temperature of 315°C (G00°F).
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At 3:09 p.M,, alarms occurred from the ventilation monitors in the upper
building ventilation exhaust ducts. The building was automatically isolated—no
one was inside at the time—and a radiation emergency was announced. The re-
actor power increase was stopped at 31 MW(t), and a power reduction was
started. By 3:20 p.M., the power had decreased to 26 MW(t) and the reactor was
manually tripped and shut down indefinitely. Over the next year, many of the
assemblies were removed and examined, and it was found that the bulk of the
fuel in two of the fuel assemblies had melted. It was not until the end of the ex-
amination period that the cause of the accident was discovered. The cause was
relatively trivial. Below the core, six small Zircaloy plates had been installed to
guide the flow of sodium into the upward direction. One of these Zircaloy
plates had broken loose and blanked off the entry to a few subassemblies,
causing almost total flow starvation.

The damage to the reactor was repaired with a specially designed remote
handling tool, and the reactor reached full power output again in October 1970,
4 years after the accident.

Although the Enrico Fermi accident led to no injury or release of activity out-
side the containment shell, 10,000 curies of fission products were released to
the circulating sodium coolant. The accident focused attention on the potential
problems of flow blockages caused by foreign bodies within the circulating
sodium. In particular, any part of the reactor that may be susceptible to vibration
damage, causing the release of foreign material, must be carefully evaluated. In
the design of modern reactors, very thorough flow testing of the various com-
ponents is carried out. It is noteworthy that the zirconium plates were added at
a very late stage in the design and may not have had the same level of quality
assurance as the other components in the Enrico Fermi reactor. Late “fix-ups” of
this kind and of the kind that occurred at Hunterston must be avoided.

The damage to the fuel assemblies did not propagate to adjacent fuel assem-
blies, and the evidence from this incident that the accident did not escalate was
encouraging.

5.6 THE INTERNATIONAL NUCLEAR EVENT SCALE (INES)

One lesson stemming from the Chernobyl accident was the need for prompt
dissemination to the public of the safety significance of an event at a nuclear in-
stallation. A similar need in other areas is filled by an appropriate scale, for ex-
ample, the Richter scale for earthquakes and the Beaufort scale for winds.

In 1990 the International Atomic Enerev Agencv (IAEA) introduced a seven-
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level scale designed to allow prompt classification of such events. The levels,
their descriptions, and detailed criteria are shown in Figure 5.26. Three criteria
are applied:

Levels 3-7 relate to the extent of releases of radioactivity off-site.
Levels 2-5 relate to the extent of on-site contamination or exposure.

Levels 1-3 relate to the extent to which the defense-in-depth philosophy
has been challenged.

Each of the incidents described in this chapter has been evaluated using the
INES scale to provide a best estimate of the incident. The resulting classification

is given in Table 5.2.

@ &

The International Nuclear Event Scale

For prompt communication of safety significance

[l
ACCIDENT FSERDWQwDEm j

ACCIDENT WITH OFF-8(TE RIEKS \

ACCIDENT MAINLY IN INSTALLATION

SERIOUB INCIOENT

INCIDENT

‘9

INCIDENT

BELOW BCALE
NO BAFETY BIGNIFICENTE

Figure 5.26: Diagrammatic representation of the International Atomic Energy Agency
scale for events at nuclear installations.
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Table 5.2 » The International Nuclear Event Scale (for prompt communication of safety

Criteria

Examples

significance)
Level Descriptor
Accidents
7 Major
accident
6 Serious
accident
5 Accident
with off-site
risks
4 Accident
mainly in
installation
Incidents
3 Serious
incident

* External release of a large fraction of the
reactor core inventory typically involving a
mixture of short-and long-lived radioactive
fission products (in quantities radiologically
equivalent to more than tens of thousands
terabecquerels of iodine-131).

* Possibility of acute health effects. Delayed
health effects over a wide area, possibly
involving more than one country.Long-term
environmental consequences.

« External release of fission products (in
quantities radiologically equivalent to the
order of thousands to tens of thousands

of terabecquerels of iodine-131). Full imple-
mentation of local emergency plans most
likely needed to limit serious health effects.

 External release of fission products (in
quantities radiologically equivalent to the
order of hundreds to thousands of terabec-
querels of iodine-131). Partial implementation
of emergency plans (e.g. local sheltering
and/or evacuation) required in some cases

to lessen the likelihood of health effects.

* Severe damage to large fraction of the core
due to mechanical effects and/or melting.

» External release of radioactivity resulting

in a dose to the most exposed individual off-
site of the order of a few millisieverts.®

Need for off-site protective actions generally
unlikelyexcept possibly for local food control.

* Some damage to reactor core due to
mechanical effects and/or melting.

* Worker doses that can lead to acute health
effects (of the order of 1 Sievert).?

* External release of radioactivity above
authorized limits, resulting in a dose to the
most exposed individual off-site of the order
of tenths of a millisievert. Off-site protective
measures not needed.

+ High radiation levels and/or contamination
on-site due to equipment failures or opera-
tional incidents. Overexposure of workers
(individual doses exceeding 50 millisieverts).”

Chemobyl, USSR
1986

Windscale, UK
1957

Three Mile Island, USA
1979

Saint Laurent, France
1980
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Table 5.2 continued

Level Descriptor Criteria Examples

* Incidents in which a further failure of safety ~ Vandellos, Spain
systems could lead to accident conditions, or 1989

a situation in which safety systems would

be unable to prevent an accident if certain

initiators were to occur.

2 Incident » Technical incidents or anomalies which,
although not directly or immediately affecting
plant safety,are liable to lead to subsequent
reevaluation of safety provisions.

1 Anomaly * Functional or operational anomalies which
do not pose a risk but which indicate a lack
of safety provisions.This may be due to
equipment failure, human error, or proce-
dural inadequacies. (Such anomalies should
be distinguished from situations where
operational limits and conditions are not
exceeded and which are properly managed
in accordance with adequate procedures.
These are typically “below scale””)

Below No safety
scale / significance
Zero

Source: International Atomic Energy Agency, April 1990.

“The doses are expressed in terms of effective dose equivalent (whole body dose).Those criteria,
where appropriate, also can be expressed in terms of corresponding annual effluent discharge limits
authorized by National authorities.

®These doses also are expressed, for simplicity, in terms of effective dose equivalents (Sieverts), although the
doses in the range involving acute health effects should be expressed in terms of absorbed dose (Grays).

Table 5.3 shows the ratings of the various incidents discussed in this chapter
in terms of the INES scale. This table also shows how each of the safety princi-
ples (the Three Cs—see Section 5.1) were met in each case and whether de-
fense in depth was effective.
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Table 5.3 » Nuclear Reactor Incidents

SAFETY PRINCIPLES International
(THREE CS) Nuclear
Control the Cool Contain the Defense Event

Reaction the Fuel Radioactivity in Depth Scale Rating

Light water-cooled reactors

SL1 X — 4 4 4
Millstone 1 v/ v [?] 4 3
Browns Ferry 1 and 2 v/ 4] 4] v 3
Three Mile Island-2 v/ b v/ 4 5
Ginna v/ v [?] 4 2
Mihama-2 v/ v/ [?] 4 2
Chernobyl X — X X 7
Heavy water-cooled reactors

NRX X — [?] 4 4
Lucens v x 4 4 4
Gas-cooled reactors

Windscale 4 x x x 5
St. Laurent 4 x v/ 4 4
Hunterston B v v [?] v/ 1
Hinkley Point B v [?] v/ v 2
Liquid metal-cooled reactors

EBR-1 x X 4 v/ 4
Enrico Fermi 4 x 4 v/ 4

x Safety principle violated
¥ Safety principle complied with
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EXAMPLES AND PROBLEMS

1 Decay heat removal using PORVs
Example: Following the TMI accident, a utility was considering the possibility of in-
creasing the number of PORVs in its 4000-MW(t) PWR system to allow release (in the
form of steam) of the full decay energy at 100 s from shutdown. Assuming a flow area
for each valve of 0.002 m? how many valves would be required?
Solution: After 100 s, the decay heat rate may be estimated from Table 2.2 and is

3.2x4000/100 = 128 MW

The flow area required can be estimated assuming a release rate of 17,000 MW/rn? (see
Section 4.3.2).

Thus Flow area= =0.0075 m*

and four PORVs would be required.
Problems: A 3000-MW(t) PWR has two PORVs, each with a flow area of 0.0015 m?.
Would these valves be sufficient to allow release of decay energy from the reactor ves-
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sel in the form of steam, and consequent maintenance of fuel cooling by “feed-and-
bleed” operation, at 1 h from shutdown?

2 Evaporation of coolant

Example: Following a small-break loss-of -coolant accident, the fuel of a 3800-MW (t)
PWR has become uncovered and the top half of the fuel is dry. What is the rate at
which the core is becoming uncovered at 1 h after shutdown, assuming a mean void
fraction in the wetted region of 0.5? Also assume that the fuel occupies 40% of the core
volume, that the core diameter is 3.6 m, and the core length 4 m, and that the heat flux
is uniform in the core. The system pressure during the uncovery period was 85 bars.
Solution: The volume of water per meter length of the core in the wetted region is
given by

Cross-sectional area of corex (1 — void fraction)

x (1 - fractional area occupied by fuel)

= (g X3.6x3.6 )x (1-0.5)x(1-0.4)=3.054m>/m

The heat release rate to water from the submerged half of the fuel at 1 h from shut-
down is given (using Table 2.2) by

6
3800x10° 14 _, o 1oy
2.0 100

Evaporation rate of water

heat release rate

" latent heat of evaporation of water at 85 bars
266x10" W

= =19kg/s
1.40x10° J/kg &

_ 19kg/s _ 19kg/s
density of water 713 kg/m’

Volume evaporation rate

= 0.0266 m’/s

volume evaporation rate
Uncovery rate =
volume of water per unit length
_ 0.02665m’/s
3.054m’/s

=31.4m/h

=0.0873m/s

It is now necessary to iterate to ensure consistency with only half of the core being un-
covered in 1 h.
Problem: For the reactor core described in the example, the heat flux would not in
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practice be uniformly distributed. Rather the flux profile along the core length follows
a law that would typically be of the following form:

qg=Fq, sin—n(z +a)
+2a

where gis the local heat flux, g, the average heat flux, z is the distance from the bot-
tom of the core, L is the core length, and a is a constant. Fis a form factor (ratio of
peak to average heat flux). Assuming F = 1.4 and a = 0.3, calculate the total time re-
quired to totally uncover the core described in the example. Assume a constant heat
input equivalent to that occurring 1 h after shutdown, that the core is initially just filled
with a steam mixture water with 50% void fraction, and that the void fraction remains
constant during the uncovery. Also, plot the movement with time of the mixture level.

3 Fuel blockage in a fast reactor

Example: Calculate the location and magnitude of the peak clad temperature in the
peak rated channel of a fast reactor under normal flow conditions. Would a blockage
leading to a 50% reduction in flow lead to the fuel elements exceeding the creep limit
of 670°C, above which ballooning of the cans would occur? In the calculations, assume
a 3300-MW(t) reactor having hexagonal fuel assemblies, which each have 325 fuel pins
5.84 mm in diameter with the distance across the faces of the hexagon being 135 mm.
The normal mass rate of flow through each subassembly (M) is 39kg/s, and the core
length is I m. Liquid sodium enters the core region at 370°C. In the core region the
peak fuel rating in the highest-rated fuel assembly is 44 kW/m* and (for the purposes
of this present calculation**), assume that the local rating 7 is given by

. T2 . TZ
r =7, 5in— = 44sin —
L L

where zis the distance from the beginning of the core and L is the core length. Assume
a heat transfer coefficient x between the fuel and the sodium of 55,000 W/m? K at the
full flow conditions and 32,000 W/m? K at 50% flow. Assume that the sodium has a
specific heat capacity (C‘) of 1275 J/kg K.

Solution: The total heat generation rate (Q,) in this assembly is:

. L 4
Q, =325x IO ¥rax SIN T dz

L nz |
=325X| 1, —COS— | 7
P L],

2L
=325x 2Imax — 910x10° W
T

* The difference between this value and the value of 27 k W/m given in Table 23 is that the figure in the
table was an average rating including those parts of the fuel in the blanket and outer core regions.

**Note: The equation for flux profile implies that the flux goes to zero at the bottom and top of the core.

This simplifies the calculation, but the actual profile would go to a finite rating at the extremities of the
care and indeed there ic a finite @eneratinn Af haat in the hlanket reainn abhave and helaar the care
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The temperature rise AT, across the element under full flow conditions is thus

0 6
A = Q@ _910x10°

== = =183K
Mc, 39x1275

The temperature difference AT, between the fuel element and the sodium is given by

AT = heat flux from the fuel element surface

w

heat transfer coefficient
q r r

max

. Mz
=== = "% sin —
o mDo mDo L

where D is the fuel pin diameter.
The fuel pin surface temperature is thus

T,=T,+AT,
where T is the sodium temperature that is given at distance z by the heat balance.
T, =370+ Q’

Mcp

where Q. is the total heat generated in the fuel assembly from the inlet to position z.
Thus

T =370+ 22 [Crsin™=a,
Mc, °° L

=370+ '??25 - Foax L cos =
M n L

S

L
=3’>70+£Mr"";"cosE

Mcp b b9 L

Thus, the pin surface temperature varies with distance along the element as follows:

Tlll = TS + AT’;U

=370+ —3.25 (—r"‘"L _Inal cos %]

Mcp T b4

rool . T2
+ -2 gin —
Do, L

When 7, is a maximum, d7,/dz= 0. Thus

w

daT, 325 r . m v LT nz
— = = WX _sin—+ —

- =——Co
dz Mc, nL L mDa L L

and for this condition
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325 nz 1
—— Sin — = ——— COS —
Mc, L Do L
or .
nz —MCP
tan — =
L 325Da
~Mc
z= L tan™ 2
n 325D0.
1 4 -39x 1275
= —tan —~ v
325%x5.84%x 107 x5.5x10

=L ian(-04763)
T

_ 2.697
T

=0.8585m

At z = 0.8585 m, the maximum pin surface temperature for normal flow conditions is
given by

T, =370 + 22 mecl () _ oos T2
Mcpn L
r..L . mz
+ ——sin —
Do L
+325><44,000><1
39x1275X T
+ 44,000x 1
T x584x107° x5.5%x10"
=370+ 174.2+18.7 =562.9

=370 -(1+0.9028)

% 0.4300

Thus, the peak clad temperature is normally well below the creep limit of 670°C. For a
flow reduction of 50%, the peak clad temperature occurs at a distance z from the inlet

given by
Mc
z=Lan|- -
n 325 Do

1, ( -39% 1275 ]
= —tan

T 325x5.84x107° x3.2x 10"
=0.8763m

The clad temperature at this position is given by

2 L nz
T, =370 +% 1-cos—
Mc, L



Loss-of-Cooling Accidents 207

+ 325 x 44,000 x 1
39%x 1275x
44,000x 1
X 5.84x10° x3.2x 10"
=370 +352.6 +28.4

=751.0°C

=370 (1+0.92555)

x0.3789

Thus, a flow blockage leading to a 50% reduction in flow would lead to the peak clad
temperature in excess of the creep limit of 670°C and would be unacceptable.
Problem: If, for the fast reactor described in the example above, the flow reduction due
to blockage was even greater than 50%, boiling of the sodium would ultimately begin
at the fin surfaces. The boiling point of sodium would be required to initiate boiling;
calculate the flow reduction that would be required to cause boiling to start on the
peak-rated fuel assembly. Also calculate the position on the fuel assembly at which
such boiling would be initiated.
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Postulated Severe Accidents

6.1 INTRODUCTION

In Chapters 4 and 5 we discussed the means by which loss-of-coolant accidents
(LOCAs) could occur and the ways in which reactors must be designed to cope
with these extremely unlikely events. We also discussed in Chapter 5 a number
of actual incidents in reactors where a failure of cooling occurred with conse-
quent overheating and fuel damage. Many of these conditions were anticipated
in the design, but some actually went beyond the design basis. In all cases, ex-
cept Chernobyl and Windscale, the “defense in depth” approach to nuclear re-
actor design was effective in limiting the public consequences of the accident.
However, it is important to consider what might be involved in extremely se-
vere accidents having the common characteristics of leading to partial or com-
plete meltdown of the fuel within the reactor.

In classifying operational states in Section 4.1, we considered a series of tran-
sient events in reactors ranging from operational transients to limiting fault con-
ditions. Even in a limiting fault condition, the reactor is designed so that there is
no loss of coolability of the core over protracted periods. However, one can
postulate a situation in which the emergency core cooling system (ECCS) itself
fails and no other cooling system is available. Another possibility would be loss-
of-site power over a long period, coupled with inability to actuate the alterna-
tive power sources (normally on-site diesel engines). A third possibility is that
of unpredicted operator faults, which may lead, as at Three Mile Island, to con-
ditions beyond those designed for as limiting.

Also in Section 4.1 we described the concept of containment and the various
barriers preventing the release of activity:

e The matrix of the fuel itself and the cladding around the fuel
¢ The reactor pressure vessel
e The containment building or system

We explained that the whole purpose of the safety system provided on a reac-



Postulated Severe Accidents 209

tor was to ensure that these separate barriers are not challenged and all remain
intact. That is embodied in the safety case. But suppose these systems are de-
graded in some way or are inoperative and their purpose is not achieved. What
then?

To answer this question, it is therefore informative to examine how each bar-
rier might be challenged and the failure mode and consequences that might re-
sult. That, in turn, will lead to consideration of design measures to limit the
failure or mitigate the consequences.

6.2 POSTULATED SEVERE ACCIDENTS IN
WATER-COOLED REACTORS

6.2.1 Core Damage

Essentially, the first barrier, that of the fuel matrix and its cladding, can be chal-
lenged in one of two ways: loss of cooling or increase of power. First, loss of ef-
fective cooling of the fuel can lead to overheating as happened at TMI-2.
Alternatively, a significant increase of neutron population (or reactor power)
can result in excess energy deposition within the fuel, leading to fuel expansion
and melting and consequent failure of the cladding. This can occur in spite of
apparently adequate cooling. The accident at Chernobyl is an extreme example
of this class of fuel failure.

Let us concentrate initially on the consequences of a loss-of-cooling situation.
There are many ways this could develop with the primary circuit at either high
pressure or depressurized, and on a time scale of a few seconds to a few hours.

The progressive failure of the fuel can be summarized as follows:

1. As the fuel canning material increases in temperature, it will either burst or
under some circumstances swell because of the gas pressure inside it. This
may lead to a restriction of the coolant flow between and around the fuel el-
ements and make more difficult the problem of cooling them. This factor is,
in fact, taken account of in the design of fuel for water-cooled reactors, and
it has been shown that blockages of up to 90% can be coped with.

2. As the fuel temperatures rise, so the volatile fission products are released and
a temperature is reached (1200-1400°C) at which the first signs of molten
material in the core begin to be observed. The melting process is very com-
plex with the formation of eutectics and occurs most rapidly in the regions of
the core that have had the highest neutron flux (and therefore the highest
concentration of fission products whose decay is causing the heating). The
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grids that hold the fuel together also melt around 1400°C, followed by the
control rods passing through the fuel.

. At core temperatures above 1100°C the steam reacts with the zirconium can,
destroying the can. The reaction is exothermic, that is, the chemical reaction
itself releases additional heat. As the temperature increases, so the reaction
rate increases and at high temperatures the chemical reaction can contribute
as much or even more heat than the fission decay process. The chemical re-
action produces hydrogen, which we shall see is a potential threat to con-
tainment integrity.

. Zircaloy itself starts to melt around 1700°C; the sequence of melting may be
as illustrated in Figure 6.1. Molten droplets and rivulets of eutectic are
formed (rather like wax running down a candle; Figure 6.1a). They solidify
in the lower, cooler regions of the core, causing further blockage, which ex-
acerbates the lack of cooling (Figure 6.1b). The solidified material forms a
crucible. With the cladding around them gone, the fuel pellet stacks are un-
stable. Any transient (like the starting of the primary pumps in the TMI-2 ac-
cident) can cause a redistribution of this material with the pellets falling into
the crucible to form a debris bed. This material is still generating heat and
there will be a tendency for it to melt and move down through the core,
growing in volume as it does so (Figure 6.1c)

. The mass of molten material will eventually reach the bottom core support
plate and will be held there for a period of time until that core plate also fails
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Figure 6.1: Sequence of core melting. Initial stages: (a) Molten droplets and rivulets
beginning to flow down intact fuel rods: (5 formation of local blockage in colder re-
gions of fuel rods and formation and growth of a molten pool; (¢) formation of a
small molten pool: () radial and axial growth of the pool.
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and the core debris then has access to the lower plenum of the reactor pres-
sure vessel.

6.2.2 Challenges to the Reactor Pressure Vessel

The reactor pressure vessel represents the second containment barrier or line of
defense. It consists of a massively thick ferritic steel structure. What are the possi-
ble challenges to the integrity of this vessel? First, it is designed, constructed, and
inspected to the highest quality standards. Failure of the vessel due to internal or
external loadings within the design basis is considered incredible. However, var-
jous failure modes or mechanisms can be postulated in severe beyond-design-
basis accidents. Thus the vessel might fail due to

® gross overpressurization
e displacement or damage from the support structures
e creep failure due to overheating or vessel wall thinning

e shock loadings due to internal fuel-coolant interactions or hydrogen
explosions

Overpressurization could occur as a result of the reactors failing to trip or
shut down in response to an operational transient. An example would be some
fault that removes the coupling of the reactor to the heat sink, which unless the
reactor is shut down will lead to a rapid rise of primary circuit pressure. In prac-
tice initially the negative temperature coefficient, followed by the lifting of the
relief valves and subsequent voiding of the core, limits the reactor power and
ultimately terminates the fission reaction. As a result the primary pressure peaks
well under that which might cause failure of the vessel (~400 bars).

Displacement or removal of the vessel from its supports could occur due to
an earthquake of exceptional magnitude or, alternatively, as a result of internal
shock loadings from within the vessel itself (see below).

As indicated above, the process of core degradation and melting could result
at some point in molten fuel or other materials entering the lower plenum of
the reactor vessel. In the TMI-2 accident some 20 tonnes of molten fuel ended
up in this location.

What the consequences are depends on how the core support plate fails and
when. The lower part of the vessel may still contain a pool of water notwith-
standing the high temperatures existing in the upper part of the vessel. If the mass
of molten material above the lower core plate jets into the pool of water. o “steam
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explosion” may occur and may damage the vessel. Such events are discussed in
Section 6.3. Alternatively the jet of heavy molten fuel may penetrate to the vessel
wall and result in rapid heating of the wall. Wall thinning will result, and if the
vessel is still at high pressure, plastic collapse may occur. This may happen quite
rapidly—within minutes. Rather than forming a jet, the molten fuel may enter the
plenum at the periphery of the core support plate or through the baffle plate and
pour down the side of the lower head as in the TMI-2 accident. This more gentle
process may not provoke a fuel-coolant interaction. However, if a pool of molten
material does form in the lower head, overheating, wall thinning, and ultimately
creep failure may result. Failure of the penetrations for the in-core instrumenta-
tion may also occur. Evidence from inspection of the lower head of the TMI-2
vessel, however, suggests that some considerable cooling was available via cracks
in the fuel debris and via the gap between the debris and the vessel wall. Al-
though some damage was observed of the vessel wall and the penetrations, no
failure of the pressure boundary occurred.

If the failure of the bottom core support plate results in jets of molten fuel
entering a pool of water in the lower plenum, a fuel-coolant interaction “steam
explosion” may result. This is particularly the case if the pressure in the primary
system is low. This process may cause damage inside and outside the vessel. In
the worst case the vessel may be lifted off its supports and/or the head of the
vessel may be blown off, damaging the containment. To ensure that the con-
tainment is not damaged, it is important to show either that missiles with suffi-
cient kinetic energy are not formed or alternatively that the containment
structures can accommodate the missile without damage to the containment
function. Typically if the fuel-coolant interaction produced an explosive energy
input of 1 GJ, then a considerable portion of the kinetic energy of the molten
core slug projected upward through the vessel is absorbed by plastic deforma-
tion of the internal core structures and stretching of the vessel bolts. Perhaps
only 5-10% of the total energy will be imparted to the upper head. This process
occurred during the course of the SL-1 accident (Section 5.2.1).

Finally, the intense, and possibly explosive, interaction of molten fuel with
water will cause the fuel to be dispersed as small particles. These could form a
debris bed in the bottom of the vessel. Depending on the size of the particles
and the ability of the operators to continue to feed water to the vessel, it may
be possible to cool this debris bed over a long period. This would terminate this
class of accident without release of radioactive material into the containment. If
it is not possible to cool the fuel debris, the bottom head will fail, releasing the
molten fuel into the cavity in which the vessel sits.
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6.2.3 Challenges to the Reactor Containment

The final “defense in depth” barrier to the release of radioactive materials to the
environment is the containment building or system itself. The TMI-2 accident
demonstrated the importance of the reactor containment in converting a very
severe accident in the reactor itself into one that had very little public health im-
pact. There has been much study of the integrity of containments, including ex-
perimental research under simulated accident conditions, particularly for PWRs.

The main forms of reactor containment that have been employed are as

follows:

e large prestressed or reinforced concrete shells that are designed to
withstand internal pressures of 3—4 bars above atmospheric.

e Spherical steel vessels (as used in German reactors) that are similar in
concept to the concrete vessels and withstand about the same pressure.

e Steel or concrete vessels in which ice is used to condense any steam
released from the reactor system (so-called ice-condenser plants). Here the
design pressure can be lower, but such concepts are less popular than they
used to be since the ice-condenser is of little help in containing, say, a
hydrogen explosion.

® Pressure-suppression containments in which the system is arranged so that
any steam escaping from the reactor circuit will bypass through vent tubes
into a pool of cold water where it is condensed.

Advanced containment systems often involve a double wall containment
with a steel or prestressed concrete inner wall and a reinforced concrete outer
wall. A subatmospheric pressure is maintained in the interwall space. Alterna-
tively it is possible to combine a pressure-suppression system inside a conven-
tional dry-well containment.

The likelihood of an accident’s leading to a breach in the containment is low.
As exemplified by the case of TMI-2, in the majority of severe accidents the
containment will fulfill its function. Challenges, however, can come from over-
heating or overpressurization, hydrogen explosion, or missile impacts. These
could result in structural failure or damage to the liner or a penetration resulting
in a high rate of leakage. In addition, failure to isolate the containment during
an accident could allow the transfer of radioactivity to other parts of the plant
or to the environment. The timing of any failure is also relevant. The longer the
containment remains intact, the greater the opportunity to take action to protect
the public from any release.

In the previous section we saw that if molten fuel reaches the reactor vessel
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lower head, then this may fail. If this failure occurs rapidly with the primary sys-
tem still at high pressure, the molten fuel will be ejected into the reactor cavity
and from there it can move into the containment building. Rapid heating and
pressurization of the containment will result from

e molten debris particles heating the containment atmosphere

e chemical reactions between the debris and water-steam leading to
additional heating

e hydrogen, produced by chemical reactions, burning or detonating

Tests have been carried out at the Sandia National Laboratories using one-
tenth-scale containments modeling the geometric details of actual nuclear
power plants. Iron/aluminium/chromium thermite was used to simulate the
molten core. This was ejected by high-pressure steam from the scale pressure
vessel bottom head. Pressures and temperatures inside the containment were
measured. Water that might flood the reactor cavity or be on the containment
basemat was present in some experiments.

The results demonstrated that heating of the containment is less if the debris
is contained below the main operating deck. Water in the reactor cavity reduces
the pressurization due to the steam released by quenching the melt. Water on
the basemat has little or no effect. Hydrogen produced by the cavity interaction
and dispersal processes burned with a diffusion flame in the upper dome and
contributed about half to the pressurization. Any preexisting hydrogen burned
slowly and had little effect. These experiments and modeling calculations sug-
gest that a wide range of variables influence containment heating

e Primary circuit pressure prior to vessel failure

e Mass of molten core in pressure vessel lower head
e Temperature and composition of the molten core
e Particle-size distribution and entrapment of debris
e Impingement onto surfaces and freezing

e Chemical reaction of debris with steam

e Quenching by reactor cavity water

e Formation, transport, and burning of hydrogen

From a variety of studies it can be judged that containment integrity will be
at risk only if a large fraction of the core is ejected and a hydrogen detonation
occurs. In these circumstances, the containment may be subjected to continu-
ous static pressures of 10-15 bars as well as a transient pressure pulse. How-
ever, 2 major mitigating feature would be depressurization of the primary circuit
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prior to molten core ejection so as to limit debris dispersion. Depressurization
to 15-25 bars is effective in this way (see Section 6.2.4).

Even if the containment survives the early containment heating and pressur-
ization, there are still challenges to its integrity that occur later. These include

¢ hydrogen combustion
¢ gradual overpressurization
e basemat melt-through

Hydrogen formation and combustion are described in Section 6.3.3. Slow
overpressurization may occur if there is no heat removal or venting of the con-
tainment. Moreover, interaction of the core debris with concrete produces copi-
ous amounts of noncondensible gases such as carbon monoxide and carbon
dioxide to add to the pressurization.

The interaction between the molten core and the concrete depends on a
number of factors including the presence of water. If the cavity is initially dry
and the core debris forms a deep bed, then extensive interaction may occur.
Flooding the debris may effectively cool the melt. Some comments about the
coolability of debris beds are made in Section 6.3.2.

There remains a finite possibility that the molten core materials may attack
the containment basemat. This scenario is discussed in Section 6.3.4. Com-
plete melt-through of the basemat would take several days, but the conse-
quences of failure are relatively small compared with the failure of the
containment above ground.

Finally, the integrity of the containment building may be compromised by
the failure to isolate the building. As explained in Chapter 4, once the emer-
gency core cooling system in the PWR is initiated, the containment is isolated.
In practice, a number of essential services must still be provided to the reactor
(emergency feedwater, etc.), and this provides a number of routes for release
from the containment. For example, rupture of the decay heat removal system
outside the containment, coupled with failure of an isolation valve, could give
a route out from the containment that bypasses the building itself. Proper se-
curing of personnel and equipment airlocks is also essential. Two specific acci-
dent sequences are important in this context:

The so-called interfacing systems LOCA in which important check (or nonre-
turn) valves fail and low-pressure piping connected to the reactor coolant sys-
tem fails outside the containment. This provides a bypass to the enviroment.

Failure of steam generator tubes during the course of an accident again may
permit bypass to the enviroment via the secondary side steam relief vilves
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6.2.4 Mitigating the Consequences of Severe Accidents

The next generation of nuclear power plants will incorporate design features that

will eliminate or reduce the challenges to the various containment barriers or mit-

igate the consequences of failure. One example is the design features included on

the European pressurized water reactor (EPR). The EPR design includes:

The elimination of situations where the degradation of the core occurs with
the primary circuit still at high pressure. This is achieved by high-reliability
secondary side—decay heat removal systems but also by means of rapid
depressurization via the pressurizer relief valves.

The elimination of direct containment heating via the depressurization facility.
The limitation of the containment pressure increase using a dedicated spray
heat removal system that can subcool the water and return the pressure to
atmospheric. The containment design pressure of 7.5 bars allows 12-24
hours after the accident before it is necessary to use the spray system.

The provision of a double-wall containment with collection of all leaks in
the interwall space where a lower pressure is maintained.

The prevention of hydrogen explosions by reducing the hydrogen concentra-
tion using catalytic recombiners together with selectively placed igniters.
Accommodation of the consequences of an instantaneous full cross section
rupture of the reactor pressure vessel at a pressure of 20 bars via careful
design of the layout.

Provision to cope with molten fuel coming from a failed pressure vessel
lower head, first, without a “steam explosion” and, second, preventing
interaction with the containment concrete.

This is accomplished as shown in Figure 6.2 by connecting the reactor cavity

Steam
exhaust

\

||

Spreading

pariment

Steel plate Protective fayer
closure

Figure 6.2: FPR cone spreading feature.
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to a dedicated molten core spreading chamber via a refractory lined melt dis-
charge channel. The spreading chamber has a large area (150 m?) and is nor-
mally sealed from the reactor cavity by a steel plate. This plate resists
melt-through for a limited time in order to accumulate the molten fuel in the
cavity. The spreading compartment is connected via pipes to the refueling
water storage tank in the containment. These pipes are normally closed by
fusible plugs. This ensures that the water floods the spreading chamber only
after the melt has been spread over the area of the chamber.

6.3 SPECIFIC PHENOMENA RELATING TO
SEVERE ACCIDENTS

In the previous section reference is made to a number of specific phenom-
ena that can directly influence the course of a severe accident. Rather than in-
terrupt the discussion in that section of the effectiveness of the three
containment barriers to cover these phenomena in detail, it was more conve-
nient to deal with these topics in a separate section. Thus, this section covers

fuel-coolant interactions—*“steam explosions”

debris beds and their cooling

hydrogen formation—burning and explosions
e containment basemat melt-through and failure

6.3.1 Fuel-Coolant Interactions: “Steam Explosions”

When a liquid comes into contact with another liquid and the first liquid is at
a temperature much greater than the boiling point of the second liquid, rapid
vaporization of the second liquid may occur as the first liquid cools. Under
some circumstances, this rapid vaporization may cause a detonation. Such det-
onations have been observed in metal foundries where vats of molten metal
have been accidentally poured into vessels of water, or vice versa. They may
also occur if room-temperature water is brought into contact with liquid natural
gas; in this case, the detonation may be followed by a fire as the gas cloud
burns. The potential for an energetic interaction between molten uranium fuel
and the water coolant may also exist if molten fuel is jetted into water. This can
occur as

¢ molten fuel is ejected into the coolant when the cladding fails during
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severe power excursion (cf. Chernobyl).

¢ the lower core support plate fails and molten fuel is jetted into a pool of
water in the vessel lower head

¢ the lower head of the pressure vessel fails and molten fuel falls into a
water-filled reactor cavity

The circumstances arising in a fuel-coolant interaction and leading to a vapor
explosion are illustrated in Figure 6.3. The molten fuel is initially above the pool
of coolant (Figure 6.3a) and then falls into it (Figure 6.3b), giving rise to coarse
mixing between the fuel and the coolant with a dispersion of large elements of
the molten fuel as illustrated. These elements might be 1 cm in diameter. They
transfer heat relatively slowly to the water, since a thin vapor film forms around
them and insulates them from the water coolant. The third stage is that of trig-
gering a shock wave. This is often postulated to occur at the surface of the ves-
sel (Figure 6.3¢) and might be caused by a small, localized vapor explosion or
impact. This shock wave then passes through the coarse fuel-coolant mixture
and breaks up the fuel into small elements, which may transfer their stored en-
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Figure 6.3 Stages of a steam explosion. (a) Initial condition; molten fuel and coolant
separate. (b) Stage 1, coarse mixing; slow heat transfer, no pressure increase. (¢)
Stage 2. trigger process; local pressure, e.g. from impact or entrapment. (¢f) Stage 3,
propagation; pressure wave fragments fuel very rapidly; heat transfer from fine frag-
ments verv ranicd. (Gittus er al 1082 )
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ergy rapidly to the coolant. This energy release strengthens the shock wave,
which continues to propagate through the mixture in an explosive manner (Fig-
ure 6.3d).

The energy stored by the molten fuel on release into the coolant pool is
partly converted to energy in the shock wave. The extent of this conversion is
obviously very important in considering the effects of the resultant shock wave
on the reactor system. Experimental studies indicate that the efficiency of con-
version from the stored energy in the fuel to the energy within the explosion is
about 1.5%.

This would result in an explosion of roughly 1 GJ (or 200 kg TNT equivalent)
if all the fuel in a PWR, say, reacted simultaneously.

There is still considerable discussion about the precise mechanism by which
the shock wave propagates through the fuel-coolant mixture. One theory sug-
gests that associated with the shock, there is spontaneous formation of vapor
bubbles, giving rise to rapid transfer of energy from the fuel to the coolant. An-
other theory suggests that in the shock itself the mechanism of heat transfer is
quite different, with the fuel being shredded to small elements by the shear
forces in the shock and these elements transferring their energy rapidly to the
coolant behind the shock. As we have discussed earlier, a high-pressure im-
pulse resulting from a steam explosion is transmitted into the coolant pond.
This accelerates a slug of coolant, which impacts the upper head of the vessel
and might induce failure. The influence of steam explosions in reactor systems
is still a subject of debate, and no final judgments can be made at this time.

6.3.2 Debris Beds and Their Cooling

As we saw in the previous section, there are a number of circumstances in
which beds of fuel debris may be formed, initially submerged in a pool of
coolant. If such beds can be effectively cooled, remelting is avoided and dam-
age to the vessel or the cavity contained in the bed may be prevented. In recent
years, and particularly since the accident at Three Mile Island, much attention
has been given to the coolability of such beds.

The cooling of beds of debris is a highly complex process and is strongly af-
fected by such variables as the bed particle size, the means of access of the
coolant to the bed, the bed depth, and the system pressure. Some mechanisms
for debris bed cooling, illustrated in Figure 6.4, are as follows:
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1. Once-through flow through the bed. Here it is assumed that the liquid is able
to reach the bottom of the bed and is then induced to flow into the bed
under the action of natural or forced circulation. Natural circulation would be
caused by the difference in density of the coolant inside the bed and outside
the bed. This is the same kind of circulation that occurs in some forms of
steam-generating boilers. Alternatively, the debris bed may be in a region of
the reactor over which a pressure drop occurs in the circulation liquid, and
this pressure drop would force liquid through the bed. As illustrated in Fig-
ure 6.4a, the first phase is for the heat generated in the bed (from decay heat
of the fission products trapped in the bed) to heat the liquid to its boiling
point. Then, as the flow passes through the bed, the liquid is evaporated and
ultimately converted totally to vapor. From this point on, the temperature
rises rapidly with distance up the bed, and if the circulation is too low or the
bed too deep, the particles may reach a temperature at which they begin to
fuse together. This clearly represents a limit to this form of cooling.

2. Cooling of closed deep beds. Here, as illustrated in Figure 6.4b, the liquid can
only enter from the top of the bed. The liquid trickles into the bed, cooling
it and generating vapor, which must escape in the direction opposite to that
of the liquid flowing in. This causes a flooding phenomenon of the type we
discussed in Chapter 2, with the vapor resisting and limiting the entry of lig-
uid at the top of the bed. This may mean that only the upper part of the bed
is cooled and the lower part may become overheated. This limitation is more
severe the smaller the particle size in the bed. Again, drying out and fusing
of the lower part of the bed is the limit on cooling in this situation.

3. Shallow-bed cooling. 1f there is a shallow bed of particulate material on the
bottom of the containment and this is covered by a liquid layer, then “chim-
neys” may be formed in the layer (Figure 6.4¢) through which the vapor may
escape, the liquid passing into the bed by capillary action through the par-
ticulate layer between the chimneys. This is an efficient way of cooling but
can only be applied over a limited range of conditions.

Experiments and calculations show that in case 2, for a 1-m-deep bed, a heat
dissipation rate of 750 kW/m?3 may be achieved if the particles are 4 mm in di-
ameter in a pool of water at 1 bar (atmospheric pressure). However, the maxi-
mum dissipation rate before dryout and fusion of a bed composed of particles
of 0.1 mm diameter would be only 20 kW/m?. Thus, the effectiveness of the de-
bris bed cooling can be estimated accurately only if the particle size of the bed
is known. Although a better understanding of the mechanisms of debris bed
cooling is now beginnng to emerge, the main difficulty of predicting the parti-
cle size that might result in different phases of the accident is still to be re-
solved. A typical debris bed might have a power generation rate (from fission
product decay) of 1000 kW/m? some 3 h after initiation of the accident—about
the time at which one might expect meltdown in a PWR. This power could be
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Figure 6.4: Debris bed cooling.

dissipated in a bed 0.5 m thick provided the particle size was greater than 2
mm. These calculations are for a PWR, but a similar picture is obtained for the
fast reactor, since its increased fuel rating (and hence fission product decay

heating) is offset by the increase in latent heat of vaporization of sodium com-
pared with that of water.

6.3.3 Hydrogen Formation: Burning and Explosions

Hydrogen can be formed at various stages of a severe accident as a result of
chemical accidents between steam and various metals. This hydrogen can burn
or detonate, hazarding the containment systems.
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The most important contributor to the hydrogen formation process is the ox-
idation of the zirconium cladding of the fuel:

Zr + 2H,0 = Zr O, + 2H,
The reaction is exothermic adding to the decay heat. The extent of the chemi-
cal reaction is determined by a number of factors, including the access of steam
to unreacted metal and the geometry of the core debris. Other materials that
react include chromium and iron and even uranium dioxide.
Hydrogen may be formed at various phases of the accident:

1. When the initial heat-up occurs; perhaps 20-40% of the cladding may react
in the first 10 or 20 minutes

2. When further water from the ECCS system or reactor coolant pumps contacts
the hot debris

3. When molten debris jets or falls into the vessel lower head and vaporizes
water to steam, which then has access to relatively undamaged fuel in the
core above

4. When the pressure lower head fails and the molten debris attacks the con-
crete of the vessel cavity and containment

In the case of a large loss-of-coolant accident (LOCA), the hydrogen may be
released to the containment as it is formed. Conversely, where the primary circuit
remains intact, the hydrogen release may occur at the time of lower head failure.

Hydrogen can react with the oxygen within the containment in one of two
ways. The first way is by deflagration, or a diffusion flame in which the unburned
gas is heated by conduction to a temperature sufficiently high for a chemical re-
action. Whether a combustion reaction takes place depends on reaching the min-
imum concentration of the hydrogen, i.e., 49% by volume. While diffusion
flames and slow deflagrations add to the heating load and therefore the pressur-
ization of the containment, they do not represent a serious threat to the integrity
of most designs. Such a deflagration occurred during the TM1-2 accident.

In the second way, in a detonation, the unburned gas is heated by compres-
sion in a shock wave. Initiation can come from a spark or other high-energy
source. The consequences of a detonation depend on the concentration of the
hydrogen (the higher the concentration the higher the combustion pressure)
and the geometry of the containment internals.

One means of controlling hydrogen is to have an inert atmosphere (nitro-
gen) in the containment. This is used on some reactor designs, particularly
those of BWRs, but has operational disadvantages. Other techniques include
catalytic recombiners (which react hydrogen and oxygen to form steam) and ig-
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niters (which deliberately ignite the hydrogen at the lower mixture concentra-
tion) installed at various locations within the containment.

6.3.4 Containment Basemat Melt-Through and Failure

If it is not possible to cool the debris bed within the containment building, the
debris begins to react with the concrete floor of the building and penetrates this
and also the bedrock on which the reactor is built. This gradual downward pen-
etration of the molten pool has colloquially been referred to as the “China Syn-
drome,” it being imagined that the pool could ultimately penetrate through to
the other side of the earth, which in the case of the United States is imagined to
be China. Actually, this imagined situation is impossible: the pool would miss
China by a long way and could only pass outward from the center of the earth
if gravity mysteriously became negative. However, penetration of the molten
material is limited.

Figure 6.5 shows an overall diagram for the containment for a PWR. Turland
and Peckover (1979) calculated the behavior of a molten pool arising from a 3-
GW!(t) reactor core. There are two extreme situations.

First, if the melt consists mainly of oxide, it is likely to be miscible with the
base concrete and rock. A molten pool would be formed of limited depth
(around 3 m) and with a diameter of about 13 m (Figure 6.5). This pool will re-
main for a period of up to several years. Figure 6.5 illustrates the situation after
1 year and shows the temperature profile in the rock-concrete around the pool.
The heat generated by fission product decay within the pool is dissipated into
the surrounding rock due to the temperature gradients illustrated.

Second, if in the melting process molten steel is produced, this may dissolve
fission products from the fuel. If this molten steel is oxidized, the melt pool will
be miscible with the concrete-rock base and a pool such as that illustrated in
Figure 6.6 will be formed. If the steel is not oxidized, the steel-fission product
solution will not be miscible with molten fuel and concrete-rock and will itself
penetrate the base rock much farther. Calculations by Turland and Peckover
(1978) are illustrated in Figure 6.7. It shows that a molten metal, immiscible
pool of this type could penetrate to a maximum depth of about 14 m.

The two melt pools illustrated in Figures 6.6 and 6.7 are drawn in scale in the
diagram of the containment shown in Figure 6.5.

It is noteworthy that the interaction between the molten fuel and the con-
crete-rock will result in the release of significant amounts of vapor and gas as a
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result of the chemical reaction. This may result in pressurization of the contain-
ment building over a long period of time, particularly if no cooling is available.

As the fission products in the pool of material decay, the molten fuel gradu-
ally solidifies. Calculations indicate that the pool of molten material under the
reactor might reach a maximum size equivalent to a hemisphere about 27 m in
diameter. Because a considerable amount of concrete is mixed with the fuel, it
has been suggested that the final form of the solidified mass is likely to be a
glasslike substance that would immobilize the fission products and limit their
subsequent migration.

As we have seen above, even the worst case of fuel meltdown and failure to

cool would lead to an acceptable situation provided there is no failure of the
containment.

6.4 SEVERE ACCIDENTS IN OTHER REACTOR TYPES

The sequence of events outlined in Section 6.2 applies to a PWR; the situation

with regard to other reactor types can be summarized as follows:

225
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Boiling-Water Reactor (BWR). The situation is very similar to that in the
PWR regarding sequences of core meltdown, fuel-water interaction, and ulti-
mate disposition of the molten fuel pool.

CANDU. The melting sequence is not considered to be very likely because of
the large pool of moderator heavy water through which the individual fuel
channels pass. Analysis of the heat transfer events following a loss-of-coolant
accident and failure of the emergency core cooling system has indicated that
significant fuel melting would not occur and provided the means of extracting
heat from the moderator were still intact, the accident would be controlled.
However, should a single-pressure tube fail and the moderator become pres-
surized as a result of the release of high-pressure steam into it, the moderator
could be expelled and its cooling effectiveness for the other channels removed.
That this is at least a remote possibility is indicated by the accident at Lucens,
described in Chapter 5. If the moderator was expelled, fuel melting would pro-
ceed in the same way as for the other water reactors; again, this event could be
contained provided there were no steam explosions or other events that dis-
rupted the containment.

Magnox Reactor. The inherent basic safety features of the Magnox reactor
(the fact that the graphite itself may absorb a great deal of heat and that decay
heat removal can be maintained even if the reactor is depressurized) have led
to the view that a full core meltdown is not credible. However, some studies
have been done on the effects of meltdown of single channels, specifically
those with the highest rating. That such single-channel events are credible is
borne out by the accidents in this type of reactor discussed in Chapter 5. In the
Magnox reactor systems, such events can lead to small releases of activity since
the reactors do not have the hermetic containment that is provided for water re-

actors.

Advanced Gas-Cooled Reactors (AGRs). Full meltdown accidents are not
considered credible for this type of reactor for much the same reasons as men-
tioned above for the Magnox reactors. Furthermore, with AGRs, much higher
fuel temperatures can be sustained before fuel damage since the fuel is in the
oxide form and clad in stainless steel (in a Magnox reactor the fuel is in the
form of uranium metal clad in magnesium alloy). Tests in the Windscale proto-
type AGR showed that the fuel temperature can approach to within 50°C of the
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melting point of steel without clad meltdown and significant fuel damage. How-
ever, single-channel fuel melting due to local blockage effects, or due to the
dropping of a fuel stringer during the refueling operation, is still considered
possible and is taken account of in the design. As explained in Chapter 4, the
rise of temperature following a loss-of-coolant accident in an AGR is very slow
indeed compared with that in a PWR or a BWR. This means that there is time to
take alternative actions, even if off-site power is lost and the local power sup-
plies feeding the emergency circulators fail to operate immediately. It is inter-
esting to compare the situations in an AGR and PWR; in the AGR the
consequences of a fuel meltdown would be more serious since it does not have
hermetic containment; on the other hand, the probability of a meltdown is even
smaller than in the case of the PWR.

Liquid Metal-Cooled Fast Reactors. The very high fuel ratings in fast reac-
tors have led to much interest in the possibility of core meltdown and its con-
sequences. One accident scenario is that of failure of all the primary sodium
coolant pumps and complete failure of the reactor shutdown system. As the
sodium reaches its boiling point in the channels of maximum rating, sodium
boiling and voiding occur, and this has a net positive reactivity effect on the re-
actor, which accelerates the heating. Melting of the fuel and cladding occurs in
about one second after sodium voids are formed in a particular fuel assembly.
In the area of that assembly there is a complex mixture of liquid fuel, sodium
vapor, liquid steel, fuel fragments, fission gas, and steel vapor. If the fuel chan-
nel walls melt, adjacent channels may also be damaged and melted.

Calculations of the consequences of these events are highly complex be-
cause of the coupling between the nuclear reactions, the heat transfer
processes, and the fluid flow processes. Two different outcomes are possible,
depending on such things as the reactor design and reactor state at the begin-
ning of the accident:

1. If, during the meltdown, a large fraction of the original fuel has managed to
remain within the active core region, an extremely large increase in reactiv-
ity occurs and the fuel is actually blown apart and dispersed by the fission
product gases in the interstices of the fuel pellets. The dispersal of the fuel
terminates the nuclear reaction, though the resultant shock wave may dam-
age the reactor structure and breach the containment.

2. 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 not occur. The molien fuel will fall to the
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bottom of the reactor and the sequence of events will be similar to that de-
scribed above for the PWR, including the possibility of a vapor explosion
due to interaction between the molten fuel and the liquid sodium still in the
vessel. The possibility of this form of accident has drawn great attention to
the reliability of shutdown systems in fast reactors; one possible design ap-
proach is to arrange the core structures so that an excessive increase in core
temperature causing its thermal expansion will trigger an automatic shut-
down of the reactor. Combined with the fact that the decay heat can be re-
moved by natural circulation to air-cooled heat exchangers and the
enormous heat capacity of the sodium coolant, this inherent shutdown sys-
tem would give the fast reactor system a “walkaway” safety capability that is
not available in other reactors, which depend on the operation of active sys-
tems demanding operator actions and/or totally reliable power supplies.

Clearly the attention given to core meltdown accidents varies from reactor to re-
actor and depends on the assigned credibility for such accidents. In general, the
objective is to bring down the likelihood of an accident and in particular its
public consequences to a minimal level.

6.5 FISSION PRODUCT DISPERSION FOLLOWING
CONTAINMENT FAILURE

Should the containment fail, fission products will be released into the atmos-
phere. There is much discussion about the extent to which this would happen.
The gaseous fission products are usually assumed to be released completely
and other volatile fission products such as caesium and iodine are assumed to
be partly released. Other fission products are released in very small quantities
and do not usually contribute significantly to the calculated hazard. Typical
fractions of caesium and iodine assumed to be released are around 10%. For the
less volatile fission products, fractions around 1% are often assumed, on the
basis of experimental studies of fission product retention. The ultimate disper-
sal of the fission products from such a release is calculated by using computer
codes and depends greatly on the weather conditions at the time of release.
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EXAMPLES AND PROBLEMS

1 Total decay beat from a reactor

Example: The total amount of decay heat that can be generated from a reactor core is
finite; eventually, all the fission products decay to a nonradjoactive state and the en-
ergy that is released in this long-term process is fixed and can be calculated by esti-
mating the energy release from the decay of each relevant fission product and
summing the energy released from all fission products. As an example of this process,
calculate the total decay heat released from 1 kg of iodine-I 31 that is present in the re-
actor at shutdown. Iodine decays to xenon-131 by the reaction

131 > Xe-131+B +7

each atom that decays releases 0.57 MeV (9.12 x 107 joules) of energy. Assuming a
half-life of 8 days for I-131, what fraction of this energy is released in the first 30 days
of decay?

Solution: The number of atoms (V) of I-131 in 1 kg is given by

_ number of atoms per kg mole

atomic weight

_ 6.022x10%
131
=4.597 x10* atoms/kg

Total energy released =4.597x10* x9.12x10™"J
=4.192x10" J = 0.419 terrajoules (TJ)

The number N, of atoms of I-131 remaining after ¢ days is given by

N,N exp(-At)
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where A is the decay constant, in reciprocal days. From the substitution
05N = N exp(-81)

we have -8L=1n0.5
A = 0.8664

The number of atoms remaining after 30 days is given by

N,, = N exp(—0.08664 x 30)
= 0.0743N

Thus, 1 - 0.0743 = 0.926 of the energy released by decay of the iodine-131 will have
been released in the first 30 days.

Problem: Calculations reveal that the total amount of decay heat released from the
core of a 1000-MW (e) reactor following shutdown is around 100 TW. If all this heat is
released into a boiling-water pool, what would be the total mass of water evaporated
from the pool if the latent heat of evaporation is 2257 J/kg? If the heat were released
and absorbed in melting the concrete surrounding the reactor, what mass of concrete
would be melted (assuming no heat loss to the environment)? If the molten concrete
formed a hemispherical pool, what would be the radius of this pool? (Assume that the
latent heat of melting of concrete is 1000 J/kg and that the density of the molten con-
crete is 2000 kg/m?)

2 Formation and cooling of debris beds
Example: Following a LOCA and subsequent failure of the ECCS system in a PWR, the
reactor core partly melts and the molten material falls into the water pool at the bottom
of the reactor vessel, forming a 0.75-m-deep submerged particle bed with a porosity
(fraction of total volume of bed that is free of the solid phase) of 0.4. The decay heat
release rate from the bed is 1000 kW/m? of bed after 3 h.

Use the data shown in the following figure (from Gittus et al., 1983) to estimate the
minimum particle size that would be needed for cooling of the bed by ingress of water
into the bed, without dryout of the bed:

Solution: Interpolating from the figure of Gittus et al., we can plot the dryout heat re-
lease rate for a bed of 0.75 m depth as a function of particle size as follows:
Extrapolating this curve slightly, we see that a minimum particle size of about 0.40 mm
would be required if the stated decay heat (1000 kW/m?) is to be accommodated with-
out dryout.

Problem: Using the data of Table 2.2, estimate the heat release rate from the particle
bed at 10 and 100 h (assuming 1000 kW/m? at 3 h). Estimate the minimum particle size
that would be required to allow heat dissipation without dryout for beds of 0.75 m
depth formed at 10 h and 100 h after shutdown.

3 Steam explosions
Example: In a severe accident in a PWR, 50 metric tons (50,000) kg) of molten core
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material at 3000 K is released into a pool of water remaining at thc bottom of the reac-
tor pressure vessel. A steam explosion occurs, releasing 3% of the original thermal en-
ergy of the fuel, and the energy of the explosion is transmitted to a 10-ton slug of water
that rises up the vessel, hitting the top of the vessel. At this stage the vessel is unre-
strained and weighs (with its contents) 500 tons. Calculate the height that the vessel
rises as a result of the impact with the water slug. Assume that the thermal energy of
the fuel is 1.5 GJ per ton.

Solution: The amount of energy released by the explosion is given by:

E=50x0.03x15x107]
E=225x%10°] =225G]

If this energy is transmitted into the kinetic energy of a 10-ton water slug. we may cal-
culate the velocity V; of the water slug, since the kinetic energy of the slug is given by
1/2 m V.2 where m is its mass. Thus

1y mVy=225%10°]

and
1

9 2
%:Fzzﬁgz]:@mﬂﬁ

10,000

After the impact with the vessel the vessel begins to rise with a velocity V.. The princi-
ples of conservation of momentum apply and we may write

mv, = MV,
where M is the mass of the vessel. Thus:

10
v.2y =—x6708
M 500

=13.42 m/s
The kinetic energy of the vessel after impact is given by

1
Kinetic energy = > MV? = % x5x 10° x 13.42°

=4.50x107 ]
=45.0MJ

Note that a large proportion of the original energy of the water slug has been lost in the
impact.

The initial kinetic energy of the vessel is converted to potential energy as the vessel
rises from its original position. Suppose the vessel rises to a height b before coming to
rest. The potential energy gained at this height relative to the original position is Mgh,
where g is the acceleration due to gravity.
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Thus:
Mgh = %va =45x%10"J

_45%x10" _ 4.5x10
Mg 5% 10° x 9.81
=9.17m

b

A rise of 9.17 m would not normally be sufficient to bring the vessel into contact with
the containment, but it would probably lead to its hitting the missile shield above the
vessel, depending on the system design.

Problem: Calculations reported by Gittus et al. (1982) suggest that a 0.4-m-diameter
missile of 850 kg traveling at 300 m/s would penetrate both the missile shield and the
containment, giving rise to containment failure and partial release of fission products to
the environment. In the steam explosion described in the example, suppose the impact
between the water slug and the upper part of the vessel led to breaking up of the ves-
sel and the formation of an 850-kg, 0.4-m-diameter missile. What fraction of the origi-
nal water slug energy would have to be imparted to this missile to cause it to break the
containment?
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Cooling during Fuel
Removal and Processing

1.1 INTRODUCTION

In Chapters 4-6 we have discussed hypothetical and actual accident conditions
in reactors. Now we return to the discussion of the next phase of normal oper-
ation, namely, the removal of the used fuel from the reactor and its subsequent
processing.

In a nuclear reactor, the fissile material is gradually used up and converted to
energy and fission products. During the nuclear reaction there are changes in
the microstructure of the fuel due to the release of fission products, which ei-
ther combine with the fuel or are released inside the fuel can. These changes
have two effects: (1) a gradual deformation of the fuel and in some cases the
can and (2) the release of fission products (such as xenon and iodine), which
are themselves strong absorbers of neutrons, leading to a reduction in neutron
population and a less efficient nuclear reaction. For these reasons, the fuel ele-
ment must be removed from the reactor after a period of time and before all the
fissile material is used up. Typically this period will be between 3 and 5 years
for thermal reactors and 1 year to 18 months for fast reactors. For thermal reac-
tors, 60 to 75% of the original fissile material is used up at the time of fuel re-
moval. For the fast reactor, the utilization is much less, of the order of 25%. The
fraction utilized is often referred to as the burn-up.

The fuel removed from a nuclear reactor contains three kinds of valuable
material:

1. The unused proportion of the fissile material that was originally introduced
with the fresh fuel.

2. New fissile material that has been bred as a result of the nuclear reactions, in
particular, the reaction between neutrons and **U to form ?Pu. The pluto-
nium produced can be used as a fissile material in both thermal and fast re-
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actors. Note that bred material also participates in the fission reaction while
the fuel is still in the reactor; in a thermal reactor system, 25% of the heat
production might arise from fission of material bred in situ.

3. Much of the original 238U, the nonfissile isotope of uranium, still remains.
This material is valuable as a fertile material for use, particularly in the blan-
kets of fast reactors, where it is converted to #°Pu.

Of course, these valuable materials are mixed with a range of highly ra-
dioactive fission products that form the waste from the nuclear cycle. Basically,
there are two choices facing the nuclear power operator:

1. To discharge the fuel and store it safely without making any attempt to sep-
arate the useful fissile-fertile materials from the fission products in the fore-
seeable future. If such storage is regarded as permanent, this approach is
colloquially referred to as the throwaway cycle in the sense that valuable re-
sources are being disposed of. Such a cycle could be practical only if it was
felt that the world’s uranium resources were adequate to operate thermal re-
actors for a sufficiently long period. As discussed in Chapter 1, this would be
a highly inefficient use of these resources.

2. To discharge the fuel, store it for a relatively short time (typically 1-5 years)
to allow the more active fission products to decay and the decay heat to
drop to manageable levels, and then to process the fuel chemically to sepa-
rate the valuable fissile and fertile materials from the fission products, which
can then be stored in a safe form.

If a program of fast reactor operation is envisaged, the second option is manda-
tory; otherwise, far too much of the fissile material in the cycle will be wasted.
Reprocessing the fuel is more expensive in the short term than simply storing it,
and the decision about whether to reprocess in the case of thermal reactor fuels
is closely related to the overall utilization strategy for nuclear energy in individ-
ual countries. Where a program of fast reactors is envisaged, reprocessing of
thermal reactor fuel is necessary in order to produce the initial inventory of plu-
tonium for such a program. Typically, it would take about 15 years’ worth of
spent fuel from a thermal reactor to produce the initial inventory for a fast re-
actor of similar size.

In this chapter we discuss the removal of spent fuel elements from reac-
tors, their transport to a long-term storage location or a reprocessing plant,
and the problems of the reprocessing plant itself. The questions of long-term
storage of nuclear waste products will be discussed in Chapter 8. This chapter
concentrates on the thermal aspects of these operations, in line with the rest
of this book.
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1.2 REFUELING

A basic decision in the design of any nuclear reactor is whether to remove and
insert fuel while the reactor is operating (on-load refueling) or when the reac-
tor is shut down (off-load refueling).

The choice between on-load and off-load refueling is dictated primarily by
economic factors. On-load refueling is much more complex, and the cost of the
equipment is high. On the other hand, total shutdown of the reactor system for
a significant period to allow off-load refueling leads to a loss of electrical power
output, and this in itself is very expensive. In general, reactors that have a large
throughput of fuel, such as natural uranium reactors (Magnox and CANDU) op-
erate with on-load refueling, whereas those with a lower throughput of en-
riched fuel (e.g., PWR and BWR) tend to use off-load refueling. The advanced
gas-cooled reactor (AGR) is intermediate between these two cases; it has the ca-
pability of on-load refueling, though this is only just being introduced into rou-
tine operations (Jenkins et al., 1995). For fast reactors, off-load refueling is
necessary because of the very large changes in reactivity that would occur with
any fuel movements during operation.

7.2.1 Refueling of Gas-Cooled Reactors

Early gas-cooled reactors (the air-cooled piles such as those at Windscale in the
United Kingdom) had horizontal channels, and the fuel elements were simply
pushed in at one end and spent fuel was removed at the other. With the intro-
duction of Magnox reactors, which had vertical channels and used a pressurized
carbon dioxide coolant, this simple system was no longer adequate. The refuel-
ing arrangements used for a Magnox reactor are illustrated in Figure 7.1. An array
of vertical pipe comes from the top of the reactor vessel as illustrated (these are
called standpipes). The refueling machine may be connected to any of the stand-
pipes. This machine is shown in Figure 7.1 and is basically a pressure vessel that
can be moved across the top face of the reactor. It is provided with adequate ra-
diation shielding and therefore tends to be heavy. When the refueling machine is
connected to one of the standpipes, a plug is removed from the top of the stand-
pipe, allowing the high-pressure carbon dioxide coolant to enter the refueling
machine vessel, thus, the vessel becomes an extension of the primary circuit of
the reactor. Each standpipe serves a group of fuel channels. The fuel elements are
lifted out of the channels using a grab, which is aligned above the particular chan-
nel using a special mechanism called a pantograph (Figure 7.1).
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Alternatively, in some cases, an aligning chute is used. In a typical refueling
operation, all of the individual fuel elements in a fuel channel are removed and
stored temporarily in magazines in the refueling machine vessel. New fuel ele-
ments, already present in the vessel, are then inserted using the same mecha-
nism. In the Magnox reactor, no special cooling is provided for the spent fuel
elements within the refueling machine since natural convection of gas around
the elements keeps them cool enough.

In the AGR the arrangement is similar to that used in the Magnox reactor, ex-
cept that there is a standpipe for every fuel channel as illustrated in Figure 7.2.
Thus, the complete fuel from the channel can be drawn up into the refueling
machine as a single entity, and the complex pantograph or chute mechanism is
avoided. In the AGR the fuel rating is much higher, and thus the decay heat re-
lease rate is such that natural convection cooling of the spent fuel within the re-
fueling machine may be insufficient. During the refueling operation, therefore,
carbon dioxide from the reactor circuit is passed through the refueling machine
and over the spent fuel. The fuel damage incident at Hinkley Point B, described
in Section 5.4.4, led to increased attention to cooling during the refueling oper-
ation and to the installation of backup emergency cooling systems.

In both Magnox and AGR reactors, the refueling machine containing the
spent fuel is trundled over to a discharge point where the magazines are emp-
tied into an irradiated fuel buffer store that is gas-cooled. Subsequently, they
may be transferred (also using the refueling machine) to a more permanent
storage at the reactor (normally a deep pool of water) before being finally trans-
ported from the site. The sequence for an AGR is illustrated in Figure 7.3.

A gas-cooled reactor that we have not previously mentioned and that has a
novel method of on-load refueling is the pebble-bed reactor developed in the
Federal Republic of Germany. In this reactor the fuel is incorporated into
graphite spheres that are charged into the top of the reactor, the spent fuel
being discharged at the bottom. A small prototype of this form of reactor was
operated for a considerable time.

7.2.2 Refueling of CANDU Reactors

The diagram of the CANDU in Figure 3.6 shows the positioning of the two re-
fueling machines at either end of one of the horizontal channels. Each machine
is a pressure vessel that can be connected to the ends of the horizontal channel,

becoming pressurized to system pressure when a plug at the end of the chan-
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nel is removed. Each refueling machine contains a magazine that can hold ei-
ther spent fuel (at the discharge end) or fresh fuel (at the inlet end). A ram is
used to push the fuel bundles through the channel. The success of these refu-
eling machines has contributed significantly to the very high load factor (pro-
portion of time for which the reactor is at power) achieved in the CANDU
reactors as a result of on-load refueling. For a typical 600-MW(e) reactor, ap-
proximately 70 fuel bundles are changed each week. The fuel in the machines
is cooled by means of a flow of heavy water taken from the main reactor
coolant circuit and passed through the machines back into the fuel channels.

71.2.3 Refueling of Light-Water Reactors

In the case of the PWR and BWR, the refueling is off-load. It takes place ap-
proximately once a year over a period of 4-6 weeks. Other maintenance work
on the plant is scheduled to be done at the same time, which means that high
load factors are still achievable with these reactors.

To carry out refueling in a PWR or BWR, the system is partially drained to
bring the liquid level to below the level of the flange that connects the main
part of the vessel to the top part (referred to as the top head). All the control rods
are fully inserted into the core and unlatched from their mechanisms (which pass
through the head). The bolts attaching the top head to the vessel are then loos-
ened, the cavity in which the reactor sits is flooded with water, and the head is
removed. The upper structures in the reactor vessel are removed to expose the
fuel, and handling operations are carried out under a significant depth of water
in the reactor cavity (typically 5-10 m). This water is also circulated through a
heat exchanger to provide liquid cooling for decay heat removal. Approxi-
mately one-third of the total number of fuel elements are removed in any one
operation, namely, about 50-60 elements out of the total inventory of 200.

As shown in Figure 7.4, in the case of the PWR, the fuel is passed into a
transfer canal, in which it is transferred horizontally out of the reactor building
and into a water-filled fuel storage pond.

The refueling route for the BWR is similar to that illustrated in Figure 7.4, but
with the additional complication that it is necessary to remove all of the devices
above the core used to separate the steam from the steam-water mixture leav-
ing the core (see Figure 4.27 for an illustration of the reactor structure). The
BWR fuel elements are somewhat smaller than those in the PWR, and therefore

a correspondingly larger number of fuel movements must be made.
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Figure 7.4: Sizewell B power station PWR irradiated fuel handling route.

Once every 3 years it is common practice to remove all the fuel and the
lower core structures and to carry out a thorough inspection of the pressure
vessel from the inside surfaces. This provides a guarantee of the integrity of this
vessel, which is essential to the safety of the system. The internal structures and
fuel are then recharged into the vessel and the reactor restarted. Typically, this
triennial inspection process might take up to 3 months.

1.2.4 Refueling of Liquid Metal-Cooled Fast Breeder Reactors

Figure 7.5 shows the refueling route for a large pool-type fast breeder reactor.
The objective in this refueling process is to keep the used fuel permanently
under sodium, which acts as a heat sink for the decay heat. The fuel is extracted
by a grab attached to a rotating plate above the reactor. It is extracted from the
core and, still under sodium, is passed into an intermediate buffer store, from
which it is transferred through a sloping transfer line (also sodium-filled) to a
sodium-cooled spent fuel store, where it is kept for 100-200 days before being
transferred to the reprocessing plant.
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Figure 7.5: Refueling route for large pool-type fast reactors.

1.3 SPENT FUEL STORAGE AND TRANSPORT

The complete cycle for nuclear reactor fuel (the fuel cycle) is illustrated in Fig-
ure 7.6. As will be seen, storage and transport of irradiated fuel play an impor-
tant role in this cycle.

As we saw earlier, nuclear reactor fuel continues to emit heat even after the
fission reaction ceases, due to fission product decay heating. Figure 7.7 shows
the heat release rate as a function of time for spent fuel from the various types
of reactors. Clearly, the more highly rated the reactor (e.g., the fast reactor), the
higher the heat release rate and the longer it takes for it to decay to a low value.

Figure 7.7 shows that the fission product heat release is most intense immedi-
ately after discharge. This is why it is common practice to store the fuel in a cool-
ing pond for a period of time to allow both the radioactivity and the heat release
to decay before removing the fuel from the immediate environment of the reac-
tor. It is usual to store the fuel at the reactor site in a pool of water (though not,
obviously, for the fast reactor fuel), although some air-cooled and gas-cooled
(carbon dioxide) stores have been designed and operated. Water pools are well
suited for fuel designed for water-cooled reactors, but they present a difficulty for
the storage of fuel whose cladding has been designed for satisfactory perfor-
mance in a gas environment. For example, the immersion of Magnox fuel for
long periods in water ponds allows a slow chemical reaction to occur between
the magnesium alloy cladding and the water, and this leads to the generation of
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Figure 7.6: The fuel cycle showing the role of storage and transport of irradiated
fuel.

hydrogen and the formation of a potentially troublesome silt of radioactive mag-
nesium hydroxide. If the can is severely corroded, fission products may escape
from the fuel into the pond, giving environmental control difficulties. However,
with good management of the ponds (including special encapsulation of fuel that
is known to be damaged), these effects can be minimized.

As with all other aspects of nuclear power, consideration must be given to
the safety of the operation of spent fuel storage ponds. This can be illustrated
by considering PWR fuel assemblies, which are unloaded from the reactor and
may be stored in water ponds for many years. The decay heat levels of PWR
fuel assemblies are such that if the water is completely drained from the pool,



Cooling during Fuel Removal and Processing 245

10.000 -
5,000
2,000
1,000
500
200
100+
50

20
10

Heat givenoff by each tonne ot nuclear fuel

05
0.2
1 1 1 1 1 i - 1 L I 1 L 1
0 2 5 10 73
Thour 1day 1week 1 6 1 3 10,

Month Year
Cooling time (time after taking fuel out of reactor)

Figure 7.7: Heat release from spent nuclear fuel.

the fuel that has been out of the reactor for fewer than 150 days will melt. Loss
of water from the pool could occur if the pool developed a leak or if the pool
cooling system were turned off, leading to water evaporation. Both of these
events are extremely unlikely. However, the defense-in-depth strategy is con-
tinued at the storage stage by either placing the store within the reactor con-
tainment (as is done in the German PWR designs) or by providing it with its
own containment, including ventilation and filtration systems (the U.S. ap-
proach). The pond water is cooled by passing it through heat exchangers, and
failure of this cooling system is perhaps the most likely failure mechanism for
the ponds. However, it is unlikely that the operators would not notice a gradual
fall in the water level in the ponds over a period of about 2 weeks, which
would be required to uncover the fuel by evaporation due to the heat input
from the fuel itself. Thus, loss-of-coolant accidents in fuel ponds are considered
minor contributors to the overall risks of nuclear power.

In designing storage ponds for nuclear reactor spend fuel, consideration
must be given to the problem of criticality, that is, the possibility that the pond
itself would act as a nuclear reactor. With natural uranium fuel (Magnox and
CANDU) there is no criticality problem in storing the fuel under water since the
natural uranium-light water system does not become critical. For PWR, BWR,
and AGR spent fuel, it is hypothetically possible to have a nuclear reaction with
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the fuel placed in a water pool. Thus, the pools must be designed with sulffi-
cient distance between the fuel elements to guarantee that no reaction occurs.
The distance between the fuel elements in the store can be reduced if neutron-
absorbing material is interspersed between the individual subassembly chan-
nels, allowing a much higher packing density in a pool.

From a typical 1000-MW(e) PWR, about 25 tons of fuel are discharged every
year, contained in about 60 fuel assemblies. About 8000 tons of spent fuel are
removed from power reactors each year in OECD countries and some 150,000
tons of spent fuel are currently in storage ponds. With this rate of discharge, it
is obvious that after a number of years the storage facilities at reactor sites will
become full and fuel will have to be transported either to an alternative storage
site or to a reprocessing plant.

Spent nuclear fuel is transported by placing one or more fuel assemblies in a
transport flask, in which a large number of assemblies are transferred in a
water-filled basket. A typical transport flask (or cask in U.S. terminology) for
water reactor fuel is illustrated in Figure 7.8. Figure 7.9 illustrates the spent fuel
flask used for Magnox fuel; the fuel is contained in a water-filled box (skip) sur-

Exceliox 4 liradiated Fuel Transport Flask . :

Figure 7.8: Spent fuel storage flask for water reactor fuel.
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Figure 7.9: Spent fuel flask used for the transport of spent Magnox fuel.

rounded by the flask shielding. The fuel is placed in a steel basket inside the
flask, which is then sealed with a cover as shown. The flask wall has a series of
layers as illustrated in Figure 7.8 with a 12-14-in.-thick outer steel layer and
inner layers of depleted uranium and/or lead to absorb the gamma radiation
and of water to act as a neutron shield. A flask for road transport might weigh
about 20 tons and contain one or two elements, whereas a tlask for rail trans-
port might be much bigger, weighing up to 100 tons and able to carry 10-20
fuel assemblies.

During transport, heat must be dissipated from the outside surface of the
cask. Typical heat dissipation rates would be about 10 kW for a road transport
cask and 50-100 kW for the large rail transport cask. There are two main steps
in this heat transfer process. First, heat is transferred from the fuel to a fluid
within the flask (usually water), which circulates by natural convection around
the fuel. The heat is then taken from the water into the flask wall and out to the
atmosphere. The flasks normally have steel fins on the outside to assist the heat
dissipation to the air.
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A variety of accidents involving transport flasks can be postulated. First, they
may be accidentally dropped during transfer from the storage pool to the vehi-
cle. To withstand such an impact, the flask must be designed to survive a drop
of 30 ft onto an unyielding (e.g., concrete) surface without any impairment of
its integrity and also survive a 40-in. drop onto a 6-in. spike. Second, the flask
may become involved in a fire, and prototypes of a given design of flask are
subjected to tests in which they are placed in a fire at 1000°C for a period of 30
min. Survival of these stringent tests is a necessary condition for licensing. Apart
from these standard tests, demonstrations have been carried out by CEGB in the
United Kingdom and at Sandia Laboratories in Albuquerque, New Mexico, in
which simulated accidents have been staged. For instance, the effect of a low-
loader truck with a transport flask on it, stationary on a railway crossing, being
hit by a locomotive traveling at 100 mph. has been examined. The fact that the
flask survived such dramatic impacts unscathed (although the locomotive did
not!) has inspired great confidence in the safety of transporting spent nuclear
fuel in this way.

1.4 REPROCESSING PLANT

If it has been decided to reprocess spent fuel with the objective of recovering
valuable uranium and plutonium, the fuel must first be transported to a repro-
cessing plant using the flasks described in the previous section. The stages that
the fuel then goes through in the separation process are illustrated schemati-
cally in Figure 7.10. First, the flask is taken off the vehicle, the spent fuel is re-
moved under water, and the flask is decontaminated and returned to the power
station for further use. The fuel is loaded into a storage rack under water until it
is ready to be fed into the reprocessing plant.

In a modern reprocessing plant like THORP (7hermal Oxide Reprocessing
Hant) operated by British Nuclear Fuels at Sellafield, the actual separation
process is undertaken after at least 5 years’ storage of the spent fuel in the
ponds. The fuel element is first stripped of as much of its extraneous metal
structure (grids, support plates, etc.) as possible. These remnants are stored
separately and treated as intermediate-level waste (see Chapter 8). The fuel pins
themselves are sheared into small lengths between 1 and 4 in.; these sheared
fuel pieces fall down a chute into a perforated basket (see Figure 7.10). This
basket is then transferred to the dissolver. The shear needs to be of modular
construction to allow replacement of the blade and for maintenance.
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Figure 7.10: Schematic diagram of reprocessing plant.

In the dissolver the fuel is dissolved in hot (90°C) 7 M nitric acid. Dissolution
of the fuel takes place quickly and can be controlled by the rate of shearing.
The cladding pieces, or “hulls,” are withdrawn in the basket and again sent for
disposal as intermediate-level radioactive waste. Various types of dissolver, both
batch and continuous, have been developed. As the fuel dissolves, fission gases
are released: the inert gases krypton and xenon and other volatiles such as io-
dine and carbon dioxide as well as oxides of nitrogen and steam. The dissolver
off-gas systems must be able to cope with this mixture. The system recovers as
much of the nitrogen oxides as possible as nitric acid.

The fuel solution itself still contains some undissolved particulates, both from
the cladding and from fission products. The solution is therefore clarified using
a centrifuge. The clarified nitric acid solution containing the fission products,
the uranium, and the plutonium is next passed through the chemical separation
plant. This involves a solvent extraction system.

Solvent extraction is a process that allows separation of dissolved materials.
Suppose we have two liquids that do not mix, such as oil and water. If we have
a solution of two substances, A and B, in one of the liquids, and component B
is soluble in the other liquid but component A is not, then we may solvent-ex-
tract component B from the original mixed solution of A and B by essentially
shaking up (“contacting”) the solution with an immiscible liquid in which only

B is soluble. By then removing component B from the resultant solution. v
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have achieved a separation of A and B. Various types of equipment are used in
chemical engineering for this process, and it is beyond the scope of this book
to go into them in detail. Probably the most commonly used devices in repro-
cessing plants use mechanical stirrers to mix the two liquids, followed by set-
tling tanks that allow their separation, with each of the liquids containing the
respective components. These are called mixer settlers. Alternatively, vertical
pipes containing perforated metal plates may be used, with one fluid flowing
up the pipe and the other flowing down it. To promote mixing of the fluids,
such columns are subjected to pulses, and they are often referred to as pulsed
colummns. A typical pulsed column is shown in Figure 7.11. The first objective of
solvent extraction in the reprocessing plant is the separation of the valuable
uranium-plutonium mixture from the nitric acid solution, which also contains
the fission products. This is done by contacting the nitric acid fuel solution with
an organic solvent, typically tributyl phosphate (TBP) diluted with odorless
kerosene (OK). In a typical extraction plant, all but about 0.1% of the uranium
and plutonium in the fuel solution is removed into the TBP phase.

Separation of the uranium from the plutonium is also achieved by solvent
extraction. The first step is to redissolve the mixture in a clean acid stream and
then add a substance to the stream to change the condition of the plutonium
and render it insoluble in TBP. Thus, when the new acid stream is contacted
again with the TBP, the plutonium remains in the acid stream while the uranium
passes into the TBP. The success of the extraction process is largely dependent
on the efficiency of the transfer from the aqueous phase and vice versa. In gen-
eral, the uranium-plutonium will dissolve preferentially in the TBP when the
aqueous phase has a high nitric acid content and will dissolve preferentially in
the aqueous phase when it has a low nitric acid content. Thus, the final stage of
the extraction is to take the uranium from the TBP stream by contacting the
stream again with an aqueous phase having a low concentration of nitric acid.

The output of the separation stages in the reprocessing plant consists of
streams of uranium, plutonium, and fission products dissolved in nitric acid.
Each of these streams may be concentrated by evaporation and subsequently
purified, if necessary, by additional solvent extraction stages. The uranium and
plutonium are precipitated as uranium and plutonium nitrates, which are then
heated to convert them into oxides, which may then be reused in the prepara-
tion of nuclear fuel. The fission product stream is usually concentrated by evap-
oration and passed to storage tanks for long-term storage and ultimate
conversion into a solid form; we shall discuss this process in Chapter 8.
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Once the uranium and plutonium have been extracted, the decay heat gen-
eration is almost totally associated with the fission product stream in the repro-
cessing plant. Any heat transferred to the solvent phase, together with the
intense radiation, tends to degrade the solvent and cause difficulties in the op-
eration of the plant.

The thermal and radiation problems in reprocessing plants are obviously
fewer the longer the fuel has been stored in the cooling ponds prior to repro-
cessing. It is for this reason that for thermal reactor systems the storage period
is 5 years or more. However, this is not possible for fast reactors, where the eco-
nomics of the fuel cycle dictates a fast turnaround in reprocessing. Much more
fissile material is contained in fast reactor fuel than in thermal reactor fuel, and
failure to utilize this valuable capital resource results in a considerable eco-
nomic penalty. Furthermore, the rate at which fast reactors can be built is lim-
ited because of the very much larger total inventory of valuable fissile material
associated with each reactor.

Therefore, fast reactors present greater difficulties for reprocessing than do
thermal reactors. They already have a higher specific heat generation rate, as
seen in Figure 7.7, and their spent fuel must be reprocessed on a much shorter
time scale, typically 6-9 months after removal from the reactor. The very high
concentration of fissile materials in the streams presents a further difficulty. In
the design of a reprocessing plant for both thermal and fast reactor fuel, one
must take into account the possibility of developing a nuclear reaction (critical-
ity) within the plant. This can be prevented in many cases by designing the
plant so that the geometry of the pipes containing the solutions of fissile mate-
rial is so unfavorable to the nuclear reaction that the plant can be regarded as
“ever-safe.” This is particularly important in the reprocessing of fast reactor fuels
where the concentrations of fissile material are high and the throughputs are
small. Such plants are successful when proper attention is given to the design
details; an example is the U.K. Atomic Energy Authority’s fast reactor fuel re-
processing plant at Dounreay in Scotland, which is illustrated schematically in
Figure 7.12.
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EXAMPLES AND PROBLEMS

1 Loss of water from cooling pond

Example: The fuel elements arising from an LWR refueling are placed in a cooling
pond on removal from the reactor. Twenty-five tons of fuel are placed in the pond,
which is 10 m wide, 20 m long, and has a water depth of 10 m. After 1 month of stor-
age, there is a failure of normal water supply to the pond. How long would it take for
a 0.5-m drop in water level to occur due to evaporation? Assume that the water tem-
perature at the time of the supply failure is 25°C and that the fuel element volume is
negligible compared with the pool water volume. Assume that the water has a specific
heat capacity of 4.18 kJ/kg K, a density of 1000 kg/rn? and a latent heat of evaporation
of 2.25 mJ/kg. Assume that there are no heat losses from the pool.

Solution: The heat release rate per ton of fuel after 1 month is given by Figure 7.7 and
is 70 kW. The total heat release rate from the fuel is thus 25 x 70 = 1750 kW. With no
water throughflow in the pool, the water will first rise to the boiling point. The amount
of heat required to bring the water to its boiling point (100°C) is given by

Volume of pond density X specific heat x (100 — 25)
=(10 x 20 x 10) x 1000 x 4.18 x 103x 75
=6.27 x 10

The time ¢, required to reach boiling point is thus

t, =6.27x10" +1750 x 10" =3.58 x10’s
=99.5h

The time ¢, for the depth of water to fall by 0.5 m due to evaporation is given by

;= volume of water evaporated x density X latent heat

e

heat release rate from fuel
_ (10x20x0.5)x1000 x 2.25 X 10°
- 1750 x 10°
=1.29x10’s
=35.7h

Thus, the total time required for the water level to fall by 0.5 m is 36 + 99 = 135 h (5.6
days).

Problem: Repeat the above calculations assuming that the water supply failure occurs
1 week after the fuel is inserted into the pond.

2 Heat losses from a fuel flask
Example: A cylindrical fuel flask is to be designed to transport complete fuel assem-
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blies from a thermal reactor to a reprocessing plant after their removal from the cool-
ing pond. The fuel assembly contains 300 kg of spent fuel, which at thc time of its re-
moval from the pond is releasing 3W/kg of heat. The fuel flask is 0.6 m in outside
diameter and 3 m long. If the outside temperature of the flask is to be maintained at
less than 10°C above ambient temperature, will the rate of heat transfer to the atmos-
phere be sufficient without finning the outside of the flask? If the cooling is insufficient,
calculate the number of vertical 3-m-long, 10-cm-high fins that would have to be at-
tached to the surface to maintain the desired cooling. Assume a heat transfer coefficient
o between the flask surface (and this fin surface) and the atmosphere of 10 W/m? K.
Solution: The total heat generation rate is 300 x 3 = 900 W, and the heat flux g from
the surface is given by

900

j=— 2  =159W/m’
1 tx06x3

The temperature difference between the flask surface and the atmosphere is thus g/o
= 15.9K, which is greater than can be accepted. For a temperature difference of 10K
(10°C), the flask surface can lose 10 x 10 X T x 0.6 X 3 = 565 W. The additional surface
area required is thus (900 — 565) + 10 + 10 = 3.35m?. The area per fin is given by 3 x
0.1 x 2 = 0.6 m% Thus, 6 vertical fins placed around the circumference of the flask
would be sufficient to maintain the temperature of the outer surface at less than 10°C
above ambient.

Problem: The fuel flask described in the example is being considered for transport of
fuel elements at an earlier stage of their cooling, where the decay heat release rate is
10W/kg. If the temperature on the outside of the flask was allowed to be 15°C above
ambient, would additional fins be required and, if so. how many?

3 Heat generation in reprocessing plant streams

Example: After 3 years of storage, a spent fuel emitting 2W/kg of heat due to fission
product decay is reprocessed, the fission products being extracted into an aqueous ni-
tric acid raffinate stream. Internal heating of the stream occurs due to fission product
decay at a rate of 400 W/m?>. The stream is passed from the reprocessing plant to a stor-
age tank along a 1-cm-diameter, 10-m-long pipe at a rate of 30 liters/h. Assuming that
the inlet temperature to this pipe is 25°C and that heat losses to the atmosphere from
the pipe are negligible, calculate the temperature of the stream entering the storage
vessel. The specific heat capacity of the stream should be taken as 4 kJ/kg K and its
density as 1200 kg/m?,

Solution: The velocity v of the raffinate stream througth the pipe is given by

volume flow (m?/s)

cross-sectional area of pipe
_ 30+ 3600+ 1000
"~ nx0.01°/4
= 0.1061 m/s
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Assuming (incorrectly!) a uniform velocity in the tube, the time taken for an element of
fluid to travel through the 10-m length of tube is 10/0.1061 = 94.2 s. During this time,
94.2 x 400 J/m3 = 377 x 10% J/m3 of heat is added to the stream. This will give a tem-
perature rise A Tthe stream that is calculated from

AT = heat added per cubic meter

density x specific heat

_3.77x10" J/m’
1200 x 4x 10
=0.0078°C

Thus, the temperature of this stream entering the storage vessel is 25.0078°C, only
slightly higher than the inlet temperature.

Problem: Suppose that a flow blockage occurs in the transfer line described in the ex-
ample and the flow stops, but the fluid remains in the line. The reprocessing plant is shut
down. Assuming, again, that heat losses from the line are negligible, calculate the time
taken for the fluid to reach its boiling point of 95°C due to fission product decay heating.
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Cooling and Disposing
of the Waste

8.1 INTRODUCTION

All forms of energy production result in the formation of waste, the safe man-
agement of which is essential for the protection of the public and the environ-
ment. These wastes may be produced at various stages of the fuel cycle:
extraction, refining, and utilization. In the case of the use of fossile fuels the
main waste products from combustion are carbon dioxide and the “acid rain”
gases: sulphur dioxide and nitrous oxides. Even in the case of “clean” renew-
able energy sources, waste products associated, for example, with the produc-
tion of photovoltaic materials or from geothermal systems need to be taken into
account in any environmental balance sheet.

Nuclear energy is no exception and waste products are formed at each stage
of the fuel cycle. Some of these waste products are radioactive, and it is neces-
sary to handle, store, and dispose of these materials with extreme care. The
long-term disposal of radioactive species is an integral part of the design and

operation of the nuclear fuel cycle.

8.2 CLASSIFICATION OF WASTE PRODUCTS

Radioactive wastes can arise in gaseous, liquid, or solid forms. In general, at
some stage of the management process the radioactivity in the gaseous and lig-
uid forms is converted into a solid form. Most attention is therefore directed at
the disposal of solid waste. Critics of nuclear power sometimes refer to radioac-
tive waste disposal and decommissioning as the Achilles’ heel of this energy
source. In fact, safe, sound, and economic technical solutions have been estab-

lished for these activities.
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Essentially, waste products from nuclear power may arise as follows:

Uranium Mining. The spoil from uranium mining is mildly radioactive and
may need stabilization and monitoring.

Fuel Fabrication Plant. The enrichment and fabrication plants for ura-
nium-based fuel present no particular problems in terms of radiation hazard.
However, the fabrication of plutonium-based fuel produces low-activity pluto-
nium-bearing residues of wastes arising from the fabrication process.

Spent Nuclear Fuel. As we have seen in Chapter 7, spent nuclear fuel in-
cludes the highly radioactive fuel matrix together with the fuel can and sup-
porting grids. The matrix itself contains the highly radioactive fission products,
the remaining part of the original fissile and fertile materials, and the material
bred in the reaction (see Section 7.1). Even if the fissile and fertile materials are
recycled, the highly radioactive fission products remain and are the most im-
portant wastes arising from nuclear power. Their disposal will be the main
focus of this chapter.

Reprocessing Plant. In addition to the recycled product streams (uranium
and plutonium) and the fission product stream, reprocessing produces a number
of other waste streams. These include aqueous and organic streams containing
medium levels of radioactivity. Another waste product is the residual cladding
and support materials from the fuel elements, often referred to as hulls. These
are reduced by compaction and then stored in a matrix of concrete or bitumen
prior to final disposal. Reprocessing plants also generate waste with low levels of
active contamination, including rubber gloves, tissues, and plastic containers.
Some of these materials are contaminated by plutonium. The disposal of low-
level waste materials will be discussed in Section 8.7.

Nuclear Reactors. In addition to the spent fuel, certain other radioactive
products come from the reactors themselves. These include gaseous wastes
(such as xenon and krypton) that may escape from defective fuel within the re-
actor, liquid wastes such as tritium oxide (the form of water produced from the
tritium isotope of hydrogen), solid wastes such as the resins from the water
treatment plants that are used to clean up any small amounts of fission and cor-

rosion products that may enter the primary system, and the filters from the
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cleanup system in a gas-cooled reactor. Finally, when the reactor comes to the
end of its useful life, it must be decommissioned: the structural materials will
have become slightly radioactive during the operation of the reactor and a care-
ful program of work is needed to return the site safely to normal use. We shall
discuss this problem in Section 8.7.

8.3 FISSION PRODUCTS AND THEIR
BIOLOGICAL SIGNIFICANCE

In Section 1.4 we described a typical fission reaction, producing atoms of bar-
ium-141 and krypton-92 by the fission of a uranium-235 atom. In practice, fis-
sion products range in atomic mass from about 80 to 160. For each kilogram of
fissile material converted, a certain percentage is converted to one pair of fis-
sion products, a certain percentage to another, and so on. The percentages of
the fission products formed may be plotted as a function of atomic number
(Figure 8.1). Typically, there are about 40 possible fission reactions producing
about 80 different species of fission product. The half-lives of these species vary
from a fraction of a second to 30 years or more. The short half-life materials are
not important since they decay rapidly inside the reactor and during the storage
period after removal from the core.

In discussing the significance of radioactive fission products in the environ-
ment, it is usual to focus attention on those that are likely to be the most trou-
blesome—in particular, the isotopes that if released would be absorbed and
concentrated in specific rgans of the body. For example, various radioactive iso-
topes of iodine that are formed in the fission reaction, or are subsequently
formed by decay of other fission products, can concentrate in the thyroid gland.
The iodine isotopes of main interest are 1'¥ (half-life, 8 days), I'* (half-life, 2.3
h), and 1I'® (half-life, 20 million years). In general, the longer the half-life, the
less intense the radiation. In an accidental release it might be expected that io-
dine would deposit on grassland, be eaten by cows, appear in the milk, and be
taken up by people drinking milk, especially children. For this reason, the be-
havior of iodine has received detailed attention in nuclear safety studies, and
there are plans that in the highly improbable event of a serious release, milk
from affected areas will be collected and disposed of.

A useful concept in considering the hazards of radioactive fission products is
that of biological half-life. This is the time needed for any particular radioactive
element, taken into the body, to be reduced to half its level of natural excretion
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Figure 8.1: Mass-yield curves for thermal-neutron fission of U233, U?¥, and Pu?¥’.

processes. The significance of this concept can be appreciated by comparing
two of the most important fission products, caesium-137 and strontium-90.
These isotopes have radioactive half-lives of approximately 30 years. However,
the biological half-lives are very different, around 70 days for caesium and 50
years for strontium. The long biological half-life of strontium is due to the fact
that it accumulates in the bone structure. Thus, strontium is considered a more
serious hazard than caesium.

A material of great interest in radiological protection is plutonium-239, which
also has a long biological half-life (200 years in the bone structure and 500 days
in the lung). Since the radioactive half-life of plutonium is about 25,000 years,
the effective half-life in the body is dominated by the biological half-life.

Another important radioisotope, tritium, is emitted in small quantities from
water reactors and reprocessing plants. It is formed by the process of ternary
fission, in which three, rather than the usual two, fission products are formed.
The third fission product is often tritium, and since its molecular size is very
small, it can diffuse through the canning material into the coolant circuit. It
emits beta radiation and has a radioactive half-life of 12.6 years. Its biological
half-life is around 12 days.
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Discharge of fission products into the environment is very strictly controlled,
and the authorized release rates for specific isotopes are calculated on the basis
of the permissible dose to individuals, which is, of course, well below that
which might cause any significant health effect.

Nuclear reactions also produce heavy elements (actinides) whose atomic
weight is equal to or higher than that of the uranium isotope from which they
are formed. Examples of these actinide elements are the plutonium isotopes,
the most important of which is Pu?*°, a major fissile material. Other plutonium
isotopes formed by neutron capture are Pu?®, Pu?!!, and Pu?*2. Other actinide
elements formed in the nuclear reaction include americium-241, americium-
243, and curium-244. The actinide elements are important in nuclear waste be-
cause of their relatively long half-lives, ranging from 17 years for Cm** to
25,000 years for Pu?*. Thus, these actinides require long-term storage, on time
scales of 1000 years or more, after discharge from the reactor (see Figure 8.2).
It is often asked: At what time may radioactive waste products be considered
safe? A common answer is that the products may be assumed to be safe when
their toxic hazard is comparable to that of the original ore from which the fuel
was derived and, ultimately, the wastes were generated. A plot of the ratio of
the hazard of radioactive waste to that of the original ore is shown in Figure 8.2

for several cases:
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Figure 8.2: Ingestion toxicity of high-level wastes from LWR with and without re-
processing.
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1. Fuel discharged from a light-water reactor without reprocessing. Here, the
hazard of the waste falls below that of the original ore after 10,000 years.

2. Waste arising from normal reprocessing in which 0.5% of the uranium and
plutonium are assumed to be contained in the waste. The hazard level falls
to around that of the original ore after about 500 years. It is assumed that
99.5% of the plutonium extracted is used in fast reactors and that the fuel
from these reactors would be reprocessed, giving a somewhat similar curve
in terms of hazard as a function of time.

3. Waste from thermal reactor fuel in which the plutonium from the reprocess-
ing plant has been incorporated. The hazard is intermediate between those
in the first two cases above and falls to that of the original ore after about
1000 years.

Figure 8.2 shows that the hazard falls rapidly after about 100 years for all the
cases, reflecting the decay of significant amounts of the shorter-lived fission
products. The heat generation rate from the waste products (Figure 7.5) follows
curves similar to those in Figure 8.2.

We see, therefore, that after an extended period of time the hazard level of
the waste from a given reactor will fall below that of the natural ore sources
from which the reactor fuel was derived. Thus the nuclear program would, in
the long run (after the cessation of operation of fission power plants), margin-
ally reduce the amount of radioactivity on the earth. However, we must face the
need for safe isolation of the waste products during their highly active initial
phase, lasting about 1000 years. On a geological time scale, these periods are
very short and would not present any difficulty provided care was taken in the
placement of the material. In Chapter 1 we discussed the naturally occurring re-
actor at Oklo. In that case, some of the fission products stayed in the vicinity of
the reactor and did not migrate away from it, even though no special precau-
tions were taken to contain them.

8.4 OPTIONS FOR NUCLEAR WASTE DISPOSAL

As we saw above, the most important source of radioactive waste products is
the fuel itself. We can illustrate the fuel cycle for a typical thermal reactor as
shown in Figure 8.3. Essentially, there are two alternative routes for dealing
with the spent fuel. In route A the fuel is passed through a reprocessing plant,
which allows recycling of the plutonium and uranium and produces a highly
active liquid waste stream. This latter stream may be passed to an interim liquid
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storage stage, followed by solidification in one form or another, before being
passed to an engineered surface store, where it is kept for about 50 years. Ulti-
mately the solidified waste material would be disposed of in suitable geological
formations as discussed in Section 8.5. In route B the spent fuel is stored either
at the reactor site or away from it in a specially engineered spent fuel store, be-
fore ultimate geological disposal. As shown in Figure 8.2, the option of not re-
processing fuel leads to a much longer period before the waste reaches the
same level of hazard as the original uranium ore. The options presented by
routes A and B are discussed in the next two sections.

8.5 LONG-TERM STORAGE AND
DISPOSAL OF SPENT NUCLEAR FUEL

As we saw in Chapter 7, the spent fuel from the reactor may be stored under-
water in cooling ponds for typically 10 years or more. The current stage of de-
velopment of the nuclear program in Europe, the United States, and Japan is
such that final decisions about the next phase of spent fuel management,
namely engineered surface storage, need to be taken in the next few years.

It would be possible, for instance, to continue with away-from-reactor un-
derwater storage, perhaps with the fuel contained in an additional “bottle” to
prevent the spread of contamination within such a large water basin store.

Alternatively, a dry storage system could be adopted. Essentially, two differ-
ent dry storage systems have been developed: the cask or container system and
the modular vault dry store. In Canada development of dry store containers for
CANDU fuel has been in process for 20 years. The latest design of dry storage
container is shown in Figure 8.4. It consists of a box 2.5 m x 2 m x 3.5 m high,
constructed from inner and outer steel shells filled with heavy concrete. It
weighs 53 tons and contains some 384 CANDU spent fuel bundles: total mass,
7.3 tons. These are stored horizontally in four racks. The Canadian nuclear sta-
tion at Pickering near Toronto will ultimately have 700 such containers storing
nearly 5000 tons of fuel, making it, when complete the world’s largest dry store.
For more highly rated PWR spent fuel Germany has developed a container
using ductile cast iron (CASTOR) 2.4 m diameter. x 4.8 m high, weighing 100
tons when loaded and containing cither 33 PWR spent fuel elements or 74 BWR
spent fuel elements—15 tons of spent fuel.

An alternative dry storage system is the modular vault dry store illustrated in
Figure 8.5. In this concept the spent fuel is contained in individual vertical
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Figure 8.4: Dry storage container for spent CANDU fuel.

sealed fuel storage tubes retained within a concrete vault that can be con-
structed in modules. Air is drawn in by natural circulation between the array of
storage tubes and is discharged via an outlet duct. The coolant air does not
come in contact with the spent fuel and therefore neither it nor the concrete
structure becomes contaminated. A facility of this type has been constructed to
store the spent fuel from the gas-cooled reactor at Fort St. Viain. This particokiy
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lesign has 45 fuel storage tubes, each holding six fuel elements. The fuel is
noved in and out of the storage tubes by a fuel handling machine moved by
he building crane. A modular vault dry store has been considered by Scottish
Juclear for dry storage of AGR fuel. Designs for both an 800-ton and a 1200-ton
-apacity have been prepared.

Storage in thesc dry stores would continue for 50-100 years, during which
he level of radioactivity gradually decays (Figure 8.2), as does the rate of heat
rroduction (Figure 7.5). Surface storage in this form for extended periods is ad-
-antageous since natural convection cooling can be arranged and the packages
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monitored systematically. Ultimately, the rate of heat generation will become
low enough to permit storage without special arrangements for natural convec-
tion cooling. At this stage long-term disposal may be considered.

The concepts being considered for ultimate disposal of spent or unre-
processed fuel include disposal to underground salt formations or within hard
rock geological formations.

8.5.1 Ultimate Disposal in Salt Deposits

Salt deposits are attractive sites for long-term disposal of radioactive waste. The
fact that salt is present in the solid form in a geological stratum indicates that it
has been free from circulating groundwater since its formation several hundred
million years ago. Thus, fuel placed in such a deposit would be free from the
leaching action of the groundwater. Salt deposits of this type are quite common,
particularly in the United States, and Figure 8.6 shows a conceptual scheme for
ultimate disposal of radioactive waste in a salt stratum. Typically, a PWR fuel el-
ement may be generating 500 watts of decay heat after 10 years, and this heat
generation declines with a half-life of about 30 years since the heat release is
dominated by the strontium and caesium decays mentioned above (see Figure
8.3). Thus, after 30 years, the heat release would be down to about 250 watts,
and after 60 years it would be reduced to about 120 watts. At these levels, con-
duction to the surrounding salt strata is sufficient to remove the heat while
maintaining the outside surface of the containment canister to a temperature no
higher than 100-150°C.

8.5.2 Geological Storage

Geological storage involves the placement of the canisters containing spent fuel
elements in a stable stratum typically 1 km below the surface. Such rocks can
be assumed to contain water, since the depth would be well below the water
table. However, the water is not expected to play a large role in the heat trans-
fer from the blocks, and the store would be designed to maintain the surface
temperature of the canisters at no more than 100°C or so. However, the pres-
ence of groundwater means that material that is leached from the storage
blocks may be transported through the stratum in the water. and this is an im-
portant consideration in the design of such systems. Circulation of water
through the rock as a result of density differences induced by temperature gra-
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dients over long periods (the thermal buoyancy or thermal circulation effect)
is important in determining the migration of the fission products. This is a very
slow process and is not expected to present a serious hazard, but it must be
very carefully taken into account for long-term disposal systems. We discuss
such systems further in considering the disposal of fission products from repro-
cessing plants in the next section.

The choice among the various methods of disposal will be dictated by the
availability of suitable storage sites. More geological data will be required be-
fore optimum choices can be made. However, studies in many countries indi-
cate that spent fuel can be managed and disposed of without undue risk to
humans or the environment.

8.6 STORAGE AND DISPOSAL OF
FISSION PRODUCTS FROM REPROCESSING PLANTS

As mentioned in Chapter 7, the nitric acid stream containing the fission products
after solvent extraction in the reprocessing plant is concentrated by evaporation
and then held in storage tanks. A photograph of one of these tanks under construc-
tion is shown in Figure 8.7. Nearly all the high-level waste from the nuclear
work in the United Kingdom, accumulated over the past 25 years, is stored in 15
such tanks at Sellafield in Cumbria, which contain a total of about 1000m? of liquid.

The stainless steel tanks are contained in concrete vaults, which are them-
selves lined with stainless steel to provide further containment in the improba-
ble event that the primary container should fail. The space between the tanks
and the vaults is monitored, and provision is made for transferring the contents
to spare tanks should the need arise. Heat is removed by several independent
sets of cooling coils. Reinforced concrete, typically 2 m thick, in which the tanks
are sited, protect the operators from direct radiation. Provided cooling is main-
tained, there are essentially no radiological hazards. The possibility and conse-
quences of an accidental loss of coolant were considered at the Public Enquiry
on Windscale in 1978. In the extremely unlikely event of a total loss of coolant
(estimated to have a probability of occurrence of 1 in 1 million for each year of
operation), it would take hours for the contents to boil and days for them to
evaporate, allowing ample time to take remedial action. During the period in
which the fission products are generating significant quantities of heat, keeping
them in a liquid form facilitates cooling. However, for long-term storage it is
considered preferable to convert the waste into solid form. and a number of
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Figure 8.7: Cooling coils being inserted into a new high-level liquid waste storage
tank at Windscale.

processes have been considered for this.

Work on solidification of nuclear waste started in the 1950s, and by the mid-
1960s incorporation of wastes into glass (vitrification) was established on a lab-
oratory scale. The method has been used on an industrial scale in France for a
number of years, and the French AVM process (illustrated in Figure 8.8) has
been adopted in other countries, including the United Kingdom. Among the al-
lernative processes being investigated is the microwave vitrification process il-
lustrated in Figure 8.9. A range of glass compositions have been developed that
cnable the constituents of the waste to be incorporated. The glasses have been
shown to survive the cffects of heating and radiation from the wastes without
significant deterioration. They would dissolve very slowly over many thousands
of years in freely flowing water. Dissolution in the sort of repositories likely to
be used, where access 10 water is severely restricted, would be very much
slower. Other solidification techniques include incorporation into various ce-

ramics and forms of cryvstalline rocks.
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The vitrified waste is typically cast into stainless steel canisters and these can-
isters dry-stored in a manner illustrated in Figure 8.5. The vitrified waste canis-
ters will be stored in these natural convection air-cooled stores up to 50 years
before final disposal. A typical glass block might be 30 cm in diameter and 1 m
long, weighing about 0.2 tons. About 20% of the weight of such a block would
be the fission products from the reprocessing plant, the rest being added mate-
rials to help form the glass. As in the case of the spent fuel, the heat release is
dominated by the caesium-strontium decay with a half-life of 30 years. It is gen-
erally considered that surface temperatures for the block in the long-term store
should fall below 100°C, and at this surface temperature a heat rejection rate of
about 1 kW is achievable by conduction into the surrounding rocks. To avoid
interactions between blocks within the rock matrix, a spacing of about 10 m in
all directions is required. This could be achieved by tunneling to the required 1
km depth and then constructing a gallery from which holes, say, 200 m in
depth, are drilled. The blocks could then be dropped in and the required 10 m
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spacing achieved by infilling before dropping in the next block. The holes
themselves would also be spaced out on an array of 10 m square.

For the British program, it is estimated that some 10,000 blocks will have
been produced before the end of the century. This would imply the use of an
array of around 50 x 50 blocks arranged, say, in a cube.

Again, the problem of leaching of fission products from the block and their
transfer through the strata must be considered, and the thermal circulation and
thermal buoyancy effects mentioned are very important in the medium term.
Enough is now known about these systems to be sure that safe disposal of nu-
clear waste is possible.

8.7 DISPOSAL OF OTHER MATERIALS

As we saw in Section 8.1, a large variety of low-level wastes also arises from the
nuclear program. Waste consisting of miscellaneous rubbish (such as rubber
gloves and tissues contaminated with traces of radioactive material) is typically
contained in steel drums, compacted to reduce bulk and then placed in steel
containers and disposed of in a shallow trench area covered with at least 1 m of
soil. Measurements on such an engineered disposal facility have indicated that
the radiological significance of the disposal is negligible.

Wastes with medium levels of radioactivity from reprocessing, power reactor
operations, and decommissioning, as well as plutonium-contaminated wastes,
are usually contained within a concrete or bitumen matrix within stainless steel
drums. There is widespread agreement that geological disposal is the best solu-
tion for the management of such wastes. A geological repository of the type il-
lustrated in Figure 8.6 would be suitable. Sweden already has an operational
repository under the seabed for medium- and low-activity wastes at Forsmark;
Finland has a similar repository at it Olkiluoto power station site. These facilities
are about 100 m below the seabed-ground level. In Britain, UK Nirex Ltd. was
set up in 1985 with the responsibility of providing radioactive waste disposal fa-
cilities. Currently, a deep underground site near Sellafield, northwest England, is
being investigated for a geological repository. An underground rock laboratory
is planned as the first stage prior to the construction of the facility, expected to
be brought into operation around 2010.

Liquid wastes at low activities arise from all nuclear sites, particularly from
reprocessing plants, and are discharged under the regulations laid down by the
licensing authority. Obviously, great care must be taken to avoid any public

danger from anch discharges
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Gaseous wastes, typically noble gas isotopes, are also produced from reac-
tors and reprocessing plants. These are normally discharged to the atmosphere
under carefully controlled conditions.

A final point on disposal concerns the decommissioning of a nuclear plant.
Decommissioning is done in stages; stage 1 is concerned with the removal of
spent fuel—defiteling—from the reactor. This starts at shutdown and can take
up to 3 years for a large gas-cooled reactor. The spent fuel that is discharged is
then managed in the same way as “operational” spent fuel. This reduces the
total amount of radioactivity at the reactor site to less than one-seventh that at
shutdown. The second stage involves all the dismantling of all nonradioactive
plant and buildings other than the reactor and its concrete biological shield.
This stage follows on from stage 1 and takes 5 to 10 years. The reactor building
itself is then sealed for a period of surveillance. Finally, stage 3 involves the
complete dismantling of the reactor and returning the site to a “greenfield” sta-
tus. This stage occurs about 100 years after shutdown and takes about 10 years
to complete.

A variant on this strategy involves the construction of a high-integrity in-
truder-proof containment around the reactor building—Safestore—that can be
left for periods of up to 100 years before the final dismantling of the reactor.
This strategy allows the maximum time for the radioactivity in the reactor build-
ing to decay, thus minimizing the hazard when actual dismantling takes place.
Modern PWR stations are designed for the replacement of all components with
the exception of the reactor pressure vessel, and are therefore relatively
straightforward to decommission.

So far about 80 nuclear reactors have been shut down worldwide and sev-
eral sites have been cleared completely—the world’s first civil PWR station,
Shippingport, for example. In the United Kingdom, decommissioning has
started at three of the older Magnox station sites, Berkeley, Hunterston, and
Trawsfynydd. Handling and disposal of radioactive waste from decommission-
ing follow similar routes to reprocessing and reactor operational wastes. De-
commissioning represents only a small fraction (approximately 5% maximum)
of nuclear generating costs.
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EXAMPLES AND PROBLEMS

1 Heat fluxes in sealed storage casks

Example: For the sealed storage cask concept illustrated in Figure 8.4, assume a sim-
plified model of the heat transfer behavior in which heat is released from the 19-in.
(0.48-m) diameter carbon steel flask by convective heat transfer to an air stream flow-
ing up the annular gap at a rate of 0.2832 m’/s (600 ft}/min) and by radiation to the
inner surface of the 31-in. (0.7874 m) inside diameter concrete gamma/neutron shield.
Any heat radiated to the shield inner surface is assumed to be removed by convection
to the air stream. Calculate the heat removal rate by convection from both surfaces of
the annular gap and compare the results with the stated heat release rate (5 kW) from
the stored element. Assuming an emissivity of 0.82 for the steel cask, what value of
emissivity would need to be assigned to the inner surface of the neutron shield to be
consistent with this simplified picture? For the calculations, assume the following phys-
ical properties for the air flowing by natural circulation through the gap, appropriate to
the mean air temperature in the gap, i.e., 35°C (95°F):

Density (@) 1.146 kg/m?
Viscosity (W) 1.83 x 107 kg/ms
Specific heat capacity(cp) 1025.8 J/’kg K
Thermal conducivity (k) 2.68 x 1072 W/m K

Assume that the effective length of the surfaces in the axial direction is 3.2 m (i.e., 10.5
ft, the length of the cask) and ignore end effects.

Solution: The first step is to calculate the velocity Vsp of the air in the channel. The
volumetric flow rate is 0.2832 m?/s (600 ft3/min), and the cross-sectional area of the
annular gap is given by
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A= %(Dﬁ —D?)

where D, is the inside diameter and D, the outside diameter. Substituting D, = 0.7874 m
(31 in.) and D,= 0.4826 m (19 in.), we have A =0.3040 m? and the velocity is given by

volumetric flow rate  0.2832
A 0.3040
0.9315 m/s (3.06 ft/s)

The convective heat transfer coefficient can be calculated for the airflow from the (Dit-
tus-Boelter) relationship:

St = 0.023Re *2 pr®¢

where

St= x =Stanton number
oV c,
VD
Re = ovD. = Reynolds number
n
[
Pr = pT"L = Prandtl number

where o is the heat transfer coefficient and D, is an equivalent diameter that is evalu-
ated for the annulus from the expression

D, =D, - D, = 0.7874— = 0.4826 = 0.3048 m

We first evaluate Re and Pr as follows:

_OVD, _1.146x 0.9315x 0.3048

Re
1) 1.83x107°
=1.778x10*
c 1025.8x1.83x107°
Pr :iﬁ% = 0.7005
k 2.68x10

Thus, the Stanton number is given by

St =0.023Re™? Pr ¢
=0.023 x (1.778 x 10*)™°?(0.7005)™°°
=0.023 x0.1413 x 1.238
=4.023x107

The heat transfer coefficient ot is given by
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a =St ove,
=4.023x10™ x1.146X0.9314 X 1025.8
= 4.405W/m’K

The heat transfer rates Q; and QO from the inner and outer surfaces can be calculated
from the relationships:

Q =4,ad -T)
Q,=4,00,-T,)

where A, and A are the surface areas of the respective surfaces, T,and T, the surface
temperatures, and T, the air temperature. From Figure 8.4 we have T, = 360°F =
182.22°C = 455.37 K, and T, = 210°F = 98.89°C 372.04 K. The mean air temperature T,
is 35°C (95°F), and the areas are given by A, = nD,Land A = nD,L, where Lis the total
length of the surface. Thus:

A, =1x0.4826x3.20 = 4.85m’
A, =Tx0.7874x3.20 = 7.92m’
0 =4,a,-T)
= 4.85x 4.405(182.22 — 35)
=3145 W
0,=4,0(T,-T,)
=7.92 x 4.405(98.89 — 35)
=2229W

The total calculated heat transfer rate is 'Q,. + QD = 5374 W = 5.374 kW, which is in rea-
sonable agreement with the stated figure of 5 kW (certainly within the accuracy of the
heat transfer coefficient calculation method).

The rate of heat transmission g, from a surface by thermal radiation is given by

g, =¢eoT"

where € is the emissivity, o the Stefan-Boltzmann constant (5.6696 x 10-8 W/K* M2),
and Tsp the absolute temperature (in kelvins). For our simple model, assume that all
heat radiated from the inner surface reaches the outer surface and vice versa. Thus, the
net rate of transfer from the inner to the outer surface is given by
tha =qu A, — Gro4,
=¢,6T A, —¢, 0T/ A,
=2229W (i.e., equal to Qo from the convective heat transfer calculation)

Thus, to calculate € as required, we can rearrange the above formula:
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o EOT'4 - 2229
‘ oT, A,
_ 0.82X5.6696x " x455.37" x 4.85 — 2229
- 5.6696 x 10 x 372.04* x 7.92
9695 - 2229
T 8602

=087

This value of emissivity is reasonably consistent with the range of values for a concrete
surface. However, a more complete model of the system should take account of con-
duction through the shield, heat generation in the shield, and heat losses from the out-
side of the shield.

Problem: Suppose that the air ingress into the storage unit investigated in the example
is partially blocked in a manner that results in the airflow rate being reduced by 50%
(down to 0.416 m?/s).What would the consequences be, in terms of the simple model
used in the example, for the convective and radiant fluxes and the canister wall and
shield inner wall temperatures?

2 Cooling of a high-level liquid waste storage vessel
Example: High-level liquid waste is stored in a vessel whose diameter D is 6 m.
The liquid level b in the vessel is 5 m, and the fission product heat is removed by
cooling with water that passes through coils of 5-cm-outside-diameter stainless steel
tube, the coils being immersed in the waste liquid (see Figure 8.7). The water enters
the coils at 20°C and leaves at 25°C. The liquid waste is generating 14 kW/m? of
fission product decay heat and must be maintained at a temperature less than 35°C to
minimize corrosion. Calculate the water flow rate needed to maintain cooling and the
length of tube required in the coils, assuming an overall heat transfer coefficient
U of 350 W/m? K. Assume a specific heat ¢, for water of 4.18 kJ/kg K.
Solution: The volume V of waste liquid in the vessel (ignoring the volume occupied by
the coils) is given by

_wD’h _mx6° x5

4

1% =141.4 m?

The heat generation rate Q is thus 141.4 x 14 = 1.98 MW. The cooling water mass M re-
quired is given by
Q
C,AT,

where AT is the temperature difference between the cooling water outlet and inlet.
Thus,

_ 1.98x10°
4.18x10* x (25 - 20)
=9474kg/s
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If Ais the surface area of the outside of the coil tubes,
Q= UAAT,,

when AT, is the mean temperature difference between the cooling water and the lig-
uid waste. This is given by

20+25
2

AT, :35—( ]:12.5"0

and hence

a=2
UAT‘I"
_ 1.98x10°
350x12.5

=452 m’

The surface area per meter of tube is 1 x 0.05=0.157 m? and hence 452/0.157=2879 m
of coil tubing is required.

Problem: For the tank described above, calculate the volume occupied by the coils,
and correct the calculations to take account of this volume. Also calculate the conse-
quences of a cooling-water failure in half of the coils.

3 Heat dissipation from buried waste blocks

Example: Active waste from a reprocessing plant is vitrified into cylinders with a
diameter D of 0.3 m, which are buried in a trough (the cylinders being end to end)
underground at a depth x of 7 m. The cylinders emit I kW/m fission product decay
heat. Calculate the surface temperature 7, of the cylinders, assuming that the soil sur-
face temperature T, is 20°C and the soil has a thermal conductivity of 1 W/m K.

Solution: The rate of heat transmission from a buried cylinder is of considerable inter-
est with respect to pipes buried in the ground and is given by (Cooper and Rose,

1977): 2MECT, ~T,)

0= :
Inf2x/ D+ [(2x/D)l—]§)

where Qs the amount of heat transmitted per unit length (1 kW/m in the present ex-
ample). Substituting £ =1 W/m, x= 7, and D= 0.3, we have

Q =1000 = k(T — 20)

In{2x7/0.3+[(2x/ D)’ - 1%)

_ 6.283(T, —20)
4536
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Thus:

T = 1000 x 4.536
! 6.283
=742°C

+20

Problem: Repeat the above calculation for the case in which the heat release rate from
the cylinders is 500 W/m and the cylinders are buried at a depth of 4 m.
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Fusion Energy
Prospect for the Future

9.1 INTRODUCTION

In the preceding chapters we have seen how uranium, mined from the earth’s
crust, is utilized in a nuclear reactor to create energy and how the resulting
waste products can be dealt with safely. We have concentrated on the thermal
or heat-generating aspects of the materials at the various stages of the cycle. We
have seen that the energy that can be recovered from nuclear fission of 1 ton of
uranium can be increased 60-fold by the use of fast reactors and that this can
extend our use of fission power from a few tens to many hundreds of years.
Nevertheless, the world’s uranium resources are finite, and energy resources
will increasingly be required by the developing world. Scientists have therefore
turned to alternative ways to release nuclear energy. What more natural place
to look than to the ultimate source of the earth’s energy—the sun. The energy
generated by the sun is not the result of splitting up nuclei of heavy elements
but of the joining together—fusion—of nuclei of light elements such as the iso-
topes of hydrogen or lithium. These elements are abundant and easily available
on the earth, so what is the problem of releasing fusion energy for our use?

The problem is that to release the energy of fusion in a controlled manner re-
quires heating the reacting nuclei to temperatures of tens to hundreds of mil-
lions of degrees and holding them in sufficient quantities at these temperatures
long enough for the reaction to take place. A device capable of creating such a
reaction is called a thermonuclear reactor.

The energy release in the sun results from the conversion of hydrogen into

helium. Effectively four protons fuse together to form one helium nucleus witl
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an energy release of 7.7 x 10 7" joules. Thus the conversion of 1 gram of hy-
drogen to helium produces 0.71 x 10'* joules. The energy released by the sun is
almost incomprehensibly large: 0.39 million million gigawatts (3.9 x 10% watts).
This requires the consumption of 5.5 x 10'* grams/s. (or alternatively, 550
million tons per second). Even so, the sun has an expected lifetime of 10,000
million years!

On Earth it is not possible to reproduce the solar conditions. The specific ther-
monuclear reaction is too slow to produce a practical size of reactor. Fortunately
there are other fusion reactions that might form the basis of a practical reactor.

9.2 THE FUSION PROCESS

Faster fusion reactions are possible with a range of mixtures involving the iso-
topes of hydrogen, helium, and lithium. These include:

‘D+°D - °He+n+0.96x107" ]
D+’D -5’ T+'H+1.19x10™" ]
‘D+ ‘D> 'He+n+52x10" ]

Most research effort is being directed at the last of the reactions because it is
the least difficult reaction to achieve (Figure 9.1).

Most (80%) of the energy released isin the form of kinetic energy of the neu-
tron. Note that though the energy released per fusion reaction is typically 10
times less than for a single fission reaction, the neutrons are released with per-
haps 5 times as much energy.

Deuterium, as we saw in Chapter 3, occurs in ordinary water at a concentra-
tion of 0.016% and can be readily separated by chemical processes. Tritium

\0
9 \\““4 \
~ Sgm<
L J— e -
/7"\‘\ \
DT = %“He +n+energy

Figure 9.1: Deuterium-tritium fusion reaction.
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does not occur naturally but can be produced from lithium by bombardment
with a neutron. Thus:

°Li+n - 'He +*T+7.7x10™" ]
“Li+n - ‘He + T+ n-4.0x10" ]

As we shall see later, it is possible to arrange the system so that the neutrons
from the fusion reaction are used to breed more tritium from these reactions.
This is done in a blanket in a2 manner similar to that used in a fast fission
reactor. The power generated in such a fuel cycle for each gram of lithium is 36
million joules (10,000 kWh).

It is interesting to compare the energy available from these isotopes with,
say, the figures given in Table 1.2. There, we saw that the world’s readily avail-
able uranium resources, utilized in fast reactors, could release around 102 J and
using the uranium in the ocean could increase this figure to around 10% J.
These figures compare with the current world electrical consumption of 1.8 x
10" J/year. In fusion reactions the deuterium in the oceans could release
around 3 x 10! J, while the land-based lithium reserves could yield around 10%
J, and including the lithium in the oceans would raise the figure to 2 x 10" J.
Thus, the fuel resource with fusion reactions can be considered limitless, cer-
tainly beyond a million years.

Let us therefore turn our attention to how we might tap into this immense
source of energy. The fusion reaction is difficult to achieve because the deuterium
and tritium nuclei are each positively charged electrically. Like charges repel each
other and this force can be overcome only if the nuclei approach each other with
sufficient velocity—millions of kilometers an hour—to overcome the mutual re-
pulsion. That means heating up the gaseous deuterium-tritium mixture to a tem-
perature around 100 million degrees or more. At a temperature of a few thousand
degrees the gas becomes ionized; that is, the electrons separate from the atoms
and the separate electrons and nuclei move randomly (Figure 9.2). Such a mater-

%Q)O ©® N 017.4'3
o O Ll
Oy O RN P
0 o6 1'%
Gas Plasma

Figure 9.2: Gus and plasma states.
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ial is known as a plasma. Plasmas exist in the sun and stars and also in such
everyday items as neon signs and electric arcs.

It is not enough to heat the plasma to the required temperature. It is also nec-
essary to hold the plasma at that temperature for sufficient time for the reaction to
take place. Clearly, the length of time will depend on the number of nuclei in a
given volume of plasma. The required conditions have been identified in the
Lawson criterion, which states that the product of the time for which the plasma
is confined 1, and the density of the plasma (1) must be greater than 10 s/m?

nx 1> 10 s/m?

Thus, if the density of the plasma is 10? nuclei per cubic meter, the plasma
must be held at 100-200 million degrees for 1 s.

9.3 CONFINEMENT

How are we to “confine” the plasma long enough so that it does not touch (and
melt) the walls of the vessel in which the reaction is to take place? In the Sun and
stars the fusion plasma is held together by large gravitational forces. On Earth we
obviously cannot use such forces to contain a plasma in any convenient-sized ap-
paratus. Two ways have been tried to provide this confinement of the plasma.

1. Magnetic confinement. Since plasmas are excellent conductors of electricity,
they can be acted on by magnetic fields (Figure 9.3). Thus, magnetic fields
can be used to shape and confine the plasma in such a manner that it does
not touch the walls of the vessel in which the gaseous mixture is held. If the
plasma did come into contact with the vessel walls, it would guench, losing
its energy and high temperature very rapidly.

o

Inertial confinement. The alternative to magnetic confinement is to contain
the isotopic mixture frozen solid at about 15 K as a small spherical pellet or

Without magnetic field Charges in a Plasma in a
magnetic field magnetic field

Figure 9.3: Confining effect of the magnetic field.
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bead (Figure 9.4). This spherical pellet is then bombarded from every direc-
tion by beams of high-powered lasers, which compress and heat the mixture
to fusion temperatures. Inertia holds it together long enough—perhaps a
nanosecond (10s) for the fusion reaction to take place. This time can be so
short because of the very high densities achieved.

Considerable research is being done on the inertial confinement process at
the Lawrence Livermore Laboratory at the University of Rochester, New York
and at the Los Alamos Laboratory, New Mexico. There are, however, funda-
mental difficulties with this route to a practical system. These are the low effi-
ciency of the laser (1-2%), the low fraction of fusion energy released to date
(~0.01%), and the difficulties of engineering a device to produce a continuous
power output involving ignition of a stream of frozen pellets at a high rate.

Most effort is therefore being devoted to trying to achieve a fusion reaction using
magnetic confinement. The structure of magnetic fields is often indicated by /lines of
Jorce or field lines, the stronger the field, the greater the density of the lines. Within
a magnetic field, charged nuclei take a spiral path in the direction of the field lines
as illustrated in Figure 9.5a. A magnetic field line causes a charged nucleus to spiral
around it (Figure 9.5a). If the field is arranged so as to close on itself in a circle
within a circular chamber (Figure 9.5b), the particles will spiral around the field and
remain trapped within the circular chamber, or forus. Unfortunately, this does not
always happen in practice due to instabilities that occur in the plasma. Nevertheless,

k!

] ~
E Hollow sphere containing a @ Surface heated by laser radiation @ Sphere vaporises and expanus
D& T mixture inwards and outwards

® ,L‘}*
83

Energy released as an explosion
liberating neutrons

&] The sudden inwards movement
compresses and heatsthe D& T
mixture up to conditions for fusion
to take place

Figure 9.4: Intertial confinement.
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A charged particle will gyrate around a magnetic tield

lineB In a Toroidal syslem the field lines, By are bent back
Thisis the Basic Mechanism whereby a magnetic field on themselves to form a closed loop.
confines a plasma.

Field lines some particles escape

/_\ -
—=
o
L
} o
Magnetic well
Plasma
Coils

In an ‘open’ system the field lines do not form a closed The bulk ol the particles form a plasma sitting in the
loop within the device. Magnetic Well. Some particles have high longitudinal

energyand can escape oul the ends.

Figure 9.5: (&) Particle spiraling around a magnetic field line. (h) A closed toroidal
system. (¢) A magnetic mirror or bottle.

most of the experiments that have tried to achieve controlled fusion reactions make
use of this closed doughnut-shape configuration. Another possibility is to constrict
the magnetic field lines at each end of a tube. Particles trying to escape by spiraling
along the field lines are retlected back into the central region. This arrangement is

called a magnetic mirroror bottle (Figure 9.50).

9.4 CURRENT TECHNICAL POSITION

Research into controlled fusion reactions is proceeding in the United States,
Russia, Japan, and Europe. One particular configuration of magnetic fields has
proved promising: the so-called Tokamak configuration. For interested readers.
Figure 9.0 shows the details of the Tokamak device and explains why three
separate magnetic tields are used to control the plasma. Experiments have been

conducted with larger and larger devices. Figure 9.7 shows the progress made
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[1] 1n a torodal device a toroidal magnetic
field B, is created by current carrying coils
t
wrapped around the torus

{2 ; Unfortunately. the plasma tends to dritt outwards This
eftect can be reduced if the field lines are twisted into
helices by adding a second (poloidal) magnetic field
component Bp. One method s to induce an electric
current into the plasma by transformer action

Current

=

Iron core transtormer

winding The Plasma is —
the secondary
winding

[3 I The plasma now tends to
" expand outwards due to the
interaction of the induced
current with the plasma This
drift is controlled by a third
vertical. magnetic hield
component B, provided by
adaitional coils

Figure 9.6: Reasons for the appearance of a Tokamak device
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toward the achievement of the Lawson criterion. One particular experimental
Tokamak is the so-called JET (Joint European Torus) project. The scale of this
experiment can be judged from the fact that the mean diameter of the torus is
6 m and the radius of the plasma will be 1.25 to 2.10 m. An illustration of what
JET looks like is shown in Figure 9.8.

On November 9, 1991, at 07.44 p.M., the JET experiment produced about 2
MW of fusion power, the first time that a significant amount of power had been
obtained from controlled nuclear fusion reactions. This was also the first time
JET had been operated with mixtures of the isotopes (14% tritium--86% deu-
trium). In practice only about 0.2 gram of tritium was used. For this experiment
JET consumed far more power than it generated. The next target is breakeven,
the production of as much fusion power as consumed in heating the plasma.
Further experiments are planned at JET to obtain and study plasmas under con-
ditions and dimensions approaching those needed in a thermonuclear reactor
(Figure 9.7).

Plasmas are usually heated by passing a current through the electrically con-
ducting plasma. This form of heating (Figure 9.9) is effective up to about 10 mil-

1 REACTOR
LVl o REGION
1090
+- Predicted performance
of Large Tokamaks
vl (such as JET),
under construction
Plasma Density x (1983 =)
Energy
Confinement 10} Recent
Time[mTs) Intermediate size
Tokarmalks
(1977-1980)
10" |-
Second generation
of Tokamaks
(1970-1980)
10* .
First generation
of Tokamaks
(1965-1970)
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L) ¥ T L
0.1 1 10 100 1000

Plasma Tempersture (milllon degrees C)

Figure 9.7: Progress toward fusion reaction.



Figure 9.8: Joint Europeuan Torus (JET).

lion degrees, butif attempts are made to increase the current, instabilities set in.
Other methods of heating include one in which a beam of ionized particles is
accelerated up 1o high energies, neutralized, and fired into the plasma. Once in
the plasma, the particles become ionized, are trapped, and transfer their energy
by collision with the plasma electrons. Other methods of heating include radio
frequency (RF) heating and compression of the plasma with a magnetic field.
All these methods have been tried on JET. They are now understood and their
use can be contemplated on fusion reactors with confidence.

From this short discussion of the present status of our knowledge of fusion
reactions, it will be seen that we have just about reached the point where a con-
trolled fusion reaction has been demonstrated. Thus we have reached the point

in the development of fusion power that Fermi achieved in 1942 with the Firs
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Current -
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Figure 9.9: Mcthods of heating torodial plismas. (e Resistive heating: current flow-
ing in plasma causes it to heat. (H) Neutral beam injection heating. (¢) Radio-fre-
quency heating: typical frequencies lie in ranges: 60-100 GHz (electron cyclotron
heating), 1-8 GHz Uower hybrid heating). 50-100 MHz (ion cyclotron heating). ()

Adiabatic compression heating.
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Two isotopes of hydrogen — DEUTERIUM ‘) and TRITIUM ‘3
are heated together at a very high temperature in a reaction chamber

These isotopes tuse together to form HELIUM ﬁ and release energy

&+ RO @\

The energy is mainly in the form of energetic NEUTRONS

The helium product is exhausted

The neutrons escape to enter a LITHIUM BLANKET
wrapped around the reacting region

In this blanket the neutrons:
@ React with lithium to produce
TRITIUM and HELIUM

@ Heatup the blanket
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Figure 9.10: Dcurcrium-tritium fusion.
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controlled fission reaction. Progress is limited by (1) the capabilities of remov-
ing the heat from the neutrons deposited in the blanket and (2) the damage sus-
tained due to the high-energy neutron radiation of the thin-walled vessel.

To progress to such a reactor requires the solution of many technical and en-
gineering problems, a fair number of which involve the thermal engineer. (See
Nuclear Engineering and Design, vol. 68, April 1982). For example, various
coolants have been suggested to remove the heat from the blanket into heat ex-
changers to raise steam. It is possible to use the lithium itself, or an alternative
liquid metal, although the intense magnetic fields impose a very high pressure
drop with consequent high pumping losses. An alternative is to use a gaseous
coolant, but this limits the energy density possible through the vacuum vessel
wall (first wall).

Bickerton (1993) has summarized some of the requirements for the reactor:

e Start-up, ionise gas and increase ring current to final value (~ 20 MA)
e Heat plasma with auxiliary heating, typically < 100 MW to ignition point

e Maintaining ignition, manoeuvre plasma parameters to final operating point,
where required fusion thermal power (~3 GW) is achieved

e Maintain plasma current in steady state for long pulse (~ 1000 sec.)

e Extract fusion ash; i.e. helium in the case of D-T reactions

e Refuel plasma (with fresh deuterium and tritium in case of D-T reactions
e Extract heat at high efficiency from blanket, tritium breeding ration > 1.0

¢ Shield super-conducting coils from neutron induced heating and radiation
damage

e Maintain system remotely, e.g. change first wall every 2-5 years (because of
neutron damage)

e Decommission and dispose of wastes.

Solutions of these and other engineering problems are being sought in the
design of the next generation of Tokamaks. Because of the scale of the ex-
periment, all the major nations involved in fusion research are collaborating
on the design of the next machine, ITER (International Tokamak
Experimental Reactor).

The design of this machine is based on the scaling laws derived from previ-
ous experiments that predicted plasma performance as a function of machine
parameters. The main ITER parameters are given as:
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Fusion power 1.5 GW
Burn time 1000 sec.
Plasma current 24 MA
Major radius 8.1m
Plasma radius 3.0m
Magnetic field 5.7 Tesla

The overall objective is nothing less than a demonstration of the feasibility of
fusion energy for peaceful purposes. The outline design is well advanced
(Toschi, 1995).

Regarding impact on the environment, fusion reactors have some advantage
over fission reactors. The waste product of the fusion reaction, helium, is inert,
and thus the problem of managing highly radioactive waste does not arise. The
structure of the reactor itself will become intensely radioactive and will require
remote maintenance. But this radioactivity will decay over periods of hundreds
rather than tens of thousands of years. The tritium used in the reactor represents
a radiological hazard, and since it is an isotope of hydrogen, it requires very
careful containment and protection against accidents, such as fires. In summary,
although the potential radiation hazards presented by fusion reactors will be
less than those of fission reactors, they will require careful attention at the engi-
neering design stage.

9.5 CONCLUSIONS

With the probable development of fusion in addition to fission energy, nuclear
power presents humans with a virtually infinite source of energy. The central
role of energy in our economic structure has been very clearly demonstrated
over the 20 years since the oil crises of the 1970s. Nuclear fission energy pro-
vides a proven resource for the immediate future and nuclear fusion energy a
great potential resource for the more distant future. Humanity must make use of
these resources, particularly if the underdeveloped world is to achieve freedom
from the bondage of hunger, disease, and poverty, and the world is to sustain
its development.

Of course, there are many technical problems still to be solved, and the uti-
lization of nuclear power will demand continual vigilance and great attention to
technical detail if it is to continue its very successful beginning. Not least of
these problems are those associated with the removal of heat from the nuclear
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reaction and its effective application in power generation. We thus make no
apology for having written this book from our own viewpoints, those of ther-
mal engineers.

In addition, there are great institutional and organizational problems to be
properly resolved before the full potential of nuclear power can be realized. The
development of international cooperation in this area may set an example to
other spheres, and make more tolerable our existence on this beautiful planet.
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EXAMPLES AND PROBLEMS

1 Energy generated by fusion reactions
Example. Calculate the energy generated by the reaction of 1 kg of hydrogen by the fu-
sion reaction

H+T —'He

where the atomic masses of hydrogen, tritium, and helium-4 are, respectively,
1.007825, 3.01605, and 4.00260.

Solution: One kilogram of hydrogen would react with 3.01605/1.007825 = 2.99263 kg
of tritium to produce 4.00260/1.007825 = 3.97152 kg of helium. The mass converted to
energy in the reaction is thus:

299263 +1-3.97152=0.02111 kg =m

The energy generated by this mass conversion is given by Einstein’s equation:

E =mc?

where c is the velocity of light (2.9979 x 10° m/s). The energy released by the above
reaction is thus
E =0.02111(2.9979 x 10" )*
=1.897x10"J
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The energy released from this single kilogram would be enough for the whole United
Kingdom’s electrical energy supply for 2 h (assuming 30% efficiency of conversion).
Problem: Calculate the energy released by the fusion of 1 kg of deuterium by the fu-
sion reaction

D+ D — 'He

where the atomic mass of deuterium is 2.0140.

2 Design of a Tokamak fusion reactor

Example: Estimate the dimensions and engineering parameters of a possible Tokamak
fusion reactor if the limiting heat flux through the wall of the vacuum vessel (first wall) is
between 1 and 10 MW/m? and the upper practical limit to the magnetic field is 5 tesla.
Solution: If the magnetic field is B, then in simple terms the magnetic confinement of
a Tokamak balances the kinetic pressure of the plasma (proportional to n7, where #n is
the density and Tis the temperature of the plasma) against a magnetic pressure (pro-
portional to B%). The diagram shows a basic “onion-skin” toroidal reactor. The plasma
(of radius a) is surrounded by the vacuum first wall, then the blanket in which the neu-
trons are absorbed, the energy recovered, and the tritium bred. Next comes a radiation
shield and, finally, the superconducting coils to generate the magnetic field.

Given the path length needed to absorb the neutrons and the thickness of shielding
required, the thickness of the blanket and shield must be around 2 m. If the area of the
first wall is to be large, the plasma radius must be at least the same as the thickness of
blanket and shield (a — #). Space must be provided for the magnet windings and for ac-
cess to the center of the torus. Thus, the aspect ratio 4 (= ®/a) should not be less than 3.

This leads to a minimum reactor size with the plasma radius @ = 2 m and the over-
all diameter of the torus ~ 20 m. The total area of the vacuum first wall is then 470 m?2.
The power output from the reactor is thus 0.47 GW for a heat flux of 1 MW/m? or 4.7
GW for 10 MW/m?,

The Lawson criterion requires that the product of the density of the plasma (#) and
the confinement time (1,) be sufficient to cause a reaction. A typical target value for

~D-Tplasma
v 2x 'IOB K : |

/Th{ml

insulation Aspect ratio
. A= R
Superconducting Y

magnet coil
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this product would be 3 x 10%" s/m?, and with a heat flux of 10 MW/m? a typical ion
density in the plasma would be 3 x 10* ions/m? Thus, in this case the containment
time required would be 1 s. It is found that the containment time required is approxi-
mately inversely proportional to the heat flux, and therefore the containment time for
a heat flux of 1 MW/m? would be about 3 s.

As was stated above, the ratio of the plasma pressure to the magnetic pressure ()
is such that B2 is related to the plasma density 7 and, through the Lawson criterion, to
the confinement time (). It is thus found that for a confinement time of 1 s, BB?is 2.5,
and for a confinement time of 3 s, BB is 0.8. If the magnetic field Bis limited to 5 tesla,
B must be in the range 0.03-0.1.

The plasma volume is 470 m3; therefore, the power density varies from 1 to 10 MW/rn?
of plasma volume. This is 10--100 times lower than the power density in the core of a
pressurized water reactor (PWR). [With acknowledgment to Carruthers (1981).]
Problem: What would be the consequences for the design of the Tokamak reactor de-
scribed in the example if the limit on the first wall heat flux were extended to 20
MW/mz?

3 Lithium cooling of a Tokamak reactor

Example: For the Tokamak reactor described in Example 2 above, lithium is fed to the
breeder zone at a temperature (T) of 2500C and leaves the zone at T, = 600°C.
Calculate the lithium flow rate required and the maximum wall temperature on the
lithium side of the first wall if the heat output of the reactor is 2 GW and the heat
transfer coefficient (o) between the lithium and the wall is 25,000 W/mK. Assume a
specific heat (cp‘) for lithium of 3.4 kJ/kg K and a density () of 500 kg/rn®. Also assume
that 70% of the energy from the reaction that is released to neutrons (80% of the total
energy) is converted to heat in the lithium.

Solution: Of the total energy originally generated by the reactor, (20 + 0.7 x 80)% =
76% eventually finds its way into the lithium blanket. The heat released is given by

Q=Voc, (T, -T,)=076x2x10” =1.52x10" W
where V is the flow rate of the lithium. Thus:
y-_ 9
O, (T, -T)
1.52x10°

- 500 % 3.4 x 10° X (600 — 250)
=255m'/s

As explained in Section 9.2, 80% of the energy arising from the fusion reaction is in
the form of the kinetic energy of the neutrons, and the neutrons will pass into the
lithium, reacting with it to form “He and T and also releasing heat into the lithium
stream. It was assumed that 70% of the original neutron energy (56% of the total
energy) is released as heat in the lithium (the remainder being used in the conversion
of "Li; see Section 9.2). Assuming that the remaining 20% of the fusion reaction energy
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is radiated from the plasma to the first wall, and finds its way into the lithium via that
wall, the maximum wall temperature would be

T,,. =600+ AT°C

where AT is the temperature difference between the wall and the lithium and is given
by
_ 2x10°x0.2
" first wall area x o
=_2><1o"’><0.2 - 34°C
470x 25000

Thus, the maximum first wall temperature would be 634°C.
Problem: Repeat the calculations in the example for the reactor calculated on the more
relaxed energy flux constraint given in Problem 2.
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