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Preface

There has long been a need for a CANDU! nuclear power plant textbook suitable for students,
educators, trainers and working professionals at a target level of senior undergraduate year
university engineering and science. The aim is to provide a concise, and consistently told, root
storyline that will enable those new to CANDU, whether a student, a manager, a teacher /
trainer, a journalist or a discipline area specialist, to learn about CANDU as an overall system
and to delve into any specific area as desired. This supports the agile deployment of personnel
into the industry and redeployment throughout the industry. Early on it was decided that the
textbook would be public domain available online in pdf form under the UNENE banner along
with associated prerequisite material and further reading. This web material can be copied to
CDs for distribution or printed in book form, yet is easily updated and expanded. It is to be a
living document appearing in the form of editions for revision tracking purposes.

The Essential CANDU is a textbook about nuclear science and engineering pertaining to CANDU
reactors using CANDU as the reference design. This distinguishes it from comparable textbooks
based on PWR reactors. This is not a product description of CANDU per se. The book will
emphasize theory over other aspects of nuclear science.

This is a textbook about CANDU nuclear reactor and power plant engineering, not just the
reactor physics of the core. While it is true that the reactor is certainly the distinguishing
feature of the plant, it is hardly the whole story. Within the Nuclear Steam Supply System
(NSSS) there are some 225 systems, but only a few can be covered explicitly in the book. This is
a book about the nuclear and related bits that constitute the key bits that define nuclear
engineering, not the many associated disciplines per se.

CANDU 6 was chosen as the reference design. Specifically it was agreed that Pt. Lepreau (post
refurbishment) would be used as the default reference design. This does not preclude refer-
ence to multi-unit designs, single-unit variants and future designs as appropriate.

It is the root story line that glues a textbook together and guides what material is to be empha-
sized or deemphasized. The steam generator (and the associated heat duty diagram) is the
central node of the station. It is the steam generator that dominates the overall plant dynamics.
The primary side temperature floats on top of the steam drum temperature with just enough AT
to transfer the heat from the primary side to the secondary side as discussed in Chapter 6. If
the drum pressure (hence temperature) jumps, the primary side jumps to suit, affecting primary
temps, fuel temps, margins, reactivity feedbacks, etc. But clearly the overall system behavior is
very much dependent on the characteristics and limits of the various sub-systems and compo-
nents. In short, reactor physics — the inevitable focus of typical reactor texts — is important to
be sure and is covered herein. But there is so much more to a nuclear plant than reactor
physics that we would be remiss in telling the CANDU story if we were to overlook the broader
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picture.

There are a number of existing documents and products that cover significant parts of the
CANDU story. UNENE itself hosts a dozen or so graduate level courses that are significant
resources for preparing a CANDU textbook. See www.unene.ca for details on those courses.
And of course there are many other existing university nuclear and nuclear related courses in
Canada and elsewhere (see for instance http://nuclearcanada.ca). The CANTEACH repository at
http://canteach.candu.org contains a large number of legacy CANDU documents, albeit largely
descriptive. Significant training, design, analysis and operation documents exist within AECL
(and now Candu Energy) , Ontario Power Generation, Bruce Power, the CNSC and other organi-
zations comprising the Canadian nuclear enterprise. The Essential CANDU, with its educational
focus is complementary to all that.

As Editor-in-Chief it has been my pleasure to work with the authors as they laboured well
beyond expectations. | have worked for years on course development with Ben Rouben and
Dorin Nichita on reactor physics, Nik Popov on thermalhydraulics, Victor Snell on safety, and
George Bereznai on plant systems and operations. It is truly satisfying to see the fruits of that
labour appearing in the form of this text. On a more administrative level | have worked with
Robin Chaplin (thermodynamics), Derick Lister and Willy Cook (Chemistry and Corrosion), Jin
Jiang (Electrical) as they developed and delivered courses for UNENE. From its inception in
2000, UNENE has been a world class and world leading nuclear network. The aforementioned
people are part of the UNENE team. Their research and educational contributions are a big part
of that success. Guy Marleau (reactor physics), Al Hepburn (1&C), Ed Waller (Health Physics),
Milan Gacesa and Mukesh Tayal (Fuel topics), and Ms. Diane Damario (Fuel Handling) are all
well known in their areas. It was a pleasure to work with them on this project. Old and new
colleagues and friends - it is an honour to have worked with them all.

Of course it is not just the authors that deserve special mention. As they would readily attest, it
took many creative and hard working professionals to build our Canadian Nuclear Enterprise —
generations of them going all the way back to the early roots of CANDU. They are the past and
present colleagues, professors, managers, researchers, students and others that form our
foundation and upon whose work we are but modest reporters. Two particular subsets of those
are the reviewers of this text and the Working Group for this project. Scholars and authors in
their own right, they have overseen and guided the development of this work. It was a com-
forting ‘defense in depth’. The reviewers are acknowledged at the end of each chapter. We
wish to sincerely thank the following Working Group members for their guidance and technical
oversight:

. George Bereznai (University of Ontario Institute of Technology)
J Basma Shalaby (UNENE)

J John Luxat (McMaster University)

. Mahesh Pandey (University of Waterloo)

. Jatin Nathwani (University of Waterloo)

. Esam Hussein (University of Regina)

| have worked with each of the Working Group members as colleagues on and off over the years
going back to the 70’s. George, Basma, others and | bemoaned the lack of a comprehensive
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CANDU textbook from the beginning. George and | even mapped out our vast plans (with half-
vast ideas) and did manage over time to guide a number of courses through to completion, as
did other professors. The interactions and the innumerable chats with these and many other
colleagues through the years collectively set the backdrop for this textbook. But it was Basma,
when stepping in as President of UNENE as | stepped out, who said: “Come on Bill. Let’s go.”
And so, we did. Thanks Basma for that final prod.

This textbook, as large and comprehensive as it is, is far from complete. Each topic is a book,
perhaps several books, on its own. | hope it at least encourages others to build on this modest
start. It is worth noting too that the written word, try as we might, does not capture well the
tacit knowledge, the working knowledge, that the working professionals have. This textbook is
but a humble complement to that. The very process of creating this textbook, however, creates
a learning environment for the authors and we found a considerable sharing of expertise as we
prepared the chapters. This will apply to future authors as well. So, “Come on, let’s go.”

Finally, what can we say of our long suffering families but a truly heartfelt thanks. We shall be
forever in your debt. Thank you all.

Bill Garland

Professor Emeritus

Department of Engineering Physics
McMaster University
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PROLOGUE

CANDU in Context

prepared by
Dr. William J. Garland, Professor Emeritus,
Department of Engineering Physics,
McMaster University, Hamilton, Ontario, Canada

Summary:
Herein, we introduce the CANDU reactor by first looking at the broad social context to see why

we need nuclear power. Then we take a look at the Nuclear Reactor in a nutshell, giving a quick
overview to provide some context for the details found in this textbook.
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2 The Essential CANDU

1 Energy in Society

Let's step back to take a glimpse of the context into which CANDU must be placed. The simple
fact is that we are here. And there are a lot of us - some 7 billion in the year 2013 and our
population is destined to hit 10 billion in a few generations. On the premise that life is worth
living (and most of us think that way, otherwise our population wouldn't be growing), it follows
that we should make the best of the situation. Quality of life is, thus, a worthy and meaningful
pursuit. To achieve and maintain a reasonable quality of life requires energy. Access to energy is
an enabling force, empowering society and individuals. In short, it is fundamental to our exis-
tence. Energy is not a panacea for the strife of life, to be sure; but without it, there would be no
life at all.

One has only to reflect on early societies to appreciate the central role that access to energy has
played in our development. Food and water are essential commodities for the human race. To
supply these in adequate quantities to society has always been a challenge. Ancient civilizations
have met this challenge with remarkable feats of engineering such as those at Angkor Wat and
Machu Picchu. The Roman aqueducts such as the Pont du Gard also demonstrate significant
ingenuity to provide a single commodity. Most of these were built using human power only,
which limited the rate of implementation and hence development. This changed with the
industrial revolution when first water power and then steam power became a source of energy
to assist in the supply of food and water as well as clothing and transport. This supply of energy
enabled society to implement new ideas and advance technology at a greater rate and to
sustain an increase in population. Thus the human race became dependent upon another
essential commodity, namely energy.

It is well established that for the prosperity of any nation, a plentiful supply of cheap energy is
the key to economic growth. Countries where energy in some form or another is readily availa-
ble have become wealthy. Others have had to use their ingenuity to provide this resource.
Over time natural resources become depleted and new resources have to be found or devel-
oped. Some key resources which have sustained society are wood, coal, oil and now uranium.
Although uranium may not generally be considered an essential resource some countries
currently cannot do without it.

A suitable environment is an important factor for human survival. People are adaptable and
various sectors of humanity have managed to live in all parts of the world from the frigid Arctic
to the burning deserts. Hardships in these regions can be alleviated with a supply of energy
enabling increased development and access to more resources. In essence, an artificial envi-
ronment has been created in which to live. The human race is becoming more and more
dependent upon such an artificial environment or inner environment which includes heating
and air conditioning and promotes productivity. This requires increasing dependence on
energy. On the other hand there is the outer environment into which waste products from the
inner environment and energy production are dumped. No matter how good the inner envi-
ronment the outer environment still needs protection to sustain humanity.

The development of technology has put increasing stress on the outer environment but has also
provided the means to protect it. In the generation of power and the use of energy through
fossil fuels, various solid pollutants such as fly ash and gaseous pollutants such as sulphur
dioxide and nitrogen oxide are produced. The former have been significantly reduced by the
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CANDU in Context 3

use of electrostatic precipitators and fabric filters in coal fired plants and the latter by the
implementation of alternative fuels to eliminate smog and the development of on board diag-
nostic systems to reduce automobile emissions. Nevertheless, the outer environment is ad-
versely impacted by the extensive use of fossil fuels. The only practical and economic way that
these effects can be reduced is by burning less hydrocarbon fuel.

This problem of energy use and power production can be overcome by using electrical energy to
replace hydrocarbon fuels and generating this energy by water and wind as well as by the
nuclear fission of uranium. Most sites for hydro power have already been developed, and
future development in this area is limited by possible detrimental local environmental effects.
Wind power is intermittent and variable so that, beyond a certain capacity relative to the grid
capacity, the electrical grid becomes unstable. Moreover, reserve capacity has to be provided
for the loss of wind power. This leaves nuclear power as the only choice for long term base load
energy production with minimal impact on the environment. There are no carbon dioxide
emissions from nuclear power, and a relatively small amount of radioactive waste is produced.
By recycling this waste the very long lived transuranic products can be returned to the reactor
to be destroyed leaving only the shorter life fission products to be stored. A huge advantage of
nuclear energy is the vast amount of energy obtained from a very small amount of uranium.
Nuclear power is the only existing option for large scale power production that transcends the
limitations of nonrenewable alternatives (such as coal, oil and gas) and renewable alternatives
(wind, solar and biomass). To be sure, there are many local, national and international issues
that flavour the ultimate choice of energy source, but nuclear should not be dismissed. The
consequences would be dire.

We conclude, then, that nuclear should be part of the energy mix now and in the future, that is,
we have a functional requirement for nuclear energy.
2 First some basics

2.1 Fission
To make sense of nuclear reactor design in  Fission

~200 MeV in kinetic energy
general, and CANDU design in particular,
the reader needs to have some familiarity ° °
with a few key nuclear concepts and 2-3
phenomena. In a nutshell, slow neutrons ‘ fas:”eu”ons
(called thermal neutrons) can initiate a
fission of uranium 235 (U-235), an isotope > Fission Products
of uranium that occurs in nature. This js therma neutron ‘
illustrated in Figure 1. Natural uranium U nucleus
that is mined from the ground is 0.7% U- \
235 and 99.3% U-238. The results of fission
are fission products that are radioactive, Before After
gamma radiation, fast (or energetic)

neutrons and heat. The fast neutrons have a
low probability of inducing further fissions, Figure 1 Fission
and hence have a low probability of generat-

OUNENE, all rights reserved. For educational use only, no assumed liability. CANDU in Context — September 2014



4 The Essential CANDU

ing more neutrons and thus sustaining a chain reaction. So the neutrons need to be slowed
down (i.e., thermalized or moderated), which is done by using a moderator such as water. The
heat generated needs to be removed. The process is controlled by controlling the number of
neutrons since the number of fissions per second (and hence the heat produced) is proportional
to the number of neutrons present to induce the fissions.

From this the basic functional requirements of a reactor are directly derived. Needed are:

. a fuel such as U-235

J a moderator to thermalize (i.e., slow down) the fast neutrons

. a coolant to remove the heat

J a control system to control the number of neutrons

J a shielding system to protect equipment and people from radiation
J a system that pulls all this together into a workable device.

In the following, these requirements are discussed in turn to gain some insight on how and why
CANDUSs (and other reactor types) are built the way they are.

2.2 The fuel: the source of energy by the fission process

The probability of neutron capture leading to fission is larger for slow neutrons than for fast
neutrons. Hence, most practical reactors are "thermal" reactors, that is, they utilize the higher
thermal cross sections. Possible fuels include some of the various isotopes of uranium (U) and
plutonium (Pu). The only naturally occurring fuel with suitable properties of significant quanti-
ties is U-235, hence most reactors use this fuel.

Naturally occurring uranium is composed of 0.7% U-235. The rest is U-238. This percentage is
too low to sustain a chain reaction when combined with most practical moderators. Hence
either, the probability of fission must be enhanced or the moderator effectiveness must be
enhanced. One group of reactor types (PWR, BWR, AGR, RBMK, HTGR) enrich the fuel (a costly
task) and use a cheap moderator (ordinary water or graphite).

Alternatively, natural uranium (relatively cheap) is used with an excellent but expensive mod-
erator (heavy water). This is the CANDU approach. Which is better? There is no simple answer.
Both work. In engineered systems, there are always tradeoffs and the final design has to be
viewed in the overall context of the end-use environment.

2.3 The moderator: slowing down those speedy neutrons

The best moderator to slow down a speedy neutron is something that is the same size as the
neutron itself. This is true because if a neutron hit a massive target, it would just bounce off in a
different direction but with little loss in energy like a hard ball against a wall. If the neutron hit
an object much smaller that itself, it would just continue on virtually unaffected. But if it hit a
hydrogen atom, which is just a proton and an electron, that is almost exactly the mass of a
neutron, it could lose all its energy in one collision, just like in a game of billiards. However,
hydrogen does absorb neutrons as well which runs counter to the need to preserve these
precious neutrons so that they can cause fission. The deuterium isotope of hydrogen, at twice
the mass of hydrogen, is almost as good a slowing down agent but, since it already has an extra
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CANDU in Context 5

neutron in the nucleus, it has a very low absorption probability. So, overall, deuterium is a far
better moderator than hydrogen. By using deuterium in the form of heavy water, natural
uranium can be used as a fuel. If ordinary water is used, the fuel must be enriched in U-235.
Other possible moderators include graphite or beryllium and gases such as carbon dioxide and
helium. A good moderator has a high scattering cross section, a low absorption cross section
and slows down the neutron in the least number of collisions. Figure 2 illustrates the fission
and moderation processes.

Coolant Contol Coolant
Outlet Rod Outlet
Neutron
absorbed
o — ] e P ol i S W iy 9 W™= m e == =l

Neutron from
previous generation

Neutrons to
next generation

Fission

PR ——

Fuel Rods Moderator

b e m =g -

Moderator Fuel Rods
Neutron
leaking

Figure 2 Nuclear reactor components
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6 The Essential CANDU

2.4 The coolant: to take away the heat generated by fissioning

The fissioning process generates energy, predominately in the form of kinetic energy of the
fission products which, after a few collisions with the immediately surrounding material matrix,
manifests itself as heat. A coolant (commonly) is passed over the fuel to remove this heat so
that it can be used productively for energy generation. So far, we have fuel, moderator and
coolant. We can conceptualize our CANDU as in the illustrations in Figure 3, below.

Figure 3 A Conceptual CANDU
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CANDU in Context 7

We typically use the 'heat engine' process to turn this heat into a more useable (that is, flexible,
transportable, convenient, etc.) form of energy. As illustrated in Figure 4, this heat is used to boil
water and the resulting steam drives a turbine which drives an electrical generator. Electricity is

a very convenient form of energy - today it is so ubiquitous that it is hard to image life without
it.

REACTOR COOLANT TURBINE
>

STEAM
GENERATOR

REACTOR

CONDENSER

YRR

COOLANT BOILER FEED PUMP

PUMP

Figure 4 Basic power reactor schematic

2.5 Control: staying within desired and safe limits of power

Control of the fissioning process is achieved most easily by simply adding or removing neutron
absorbers. Materials such as cadmium readily absorb neutrons and can be conveniently formed
into solid rods. So by having a number of these control rods partially inserted into the modera-
tor tank (also called the calandria) amongst the fuel and moderator in guide tubes, the neutron
population can be controlled.

Hence the fissioning process and the resultant heat output can be controlled. For safety’s sake,
in CANDUSs, these control rods and the associated control system electronics and measurement
devices are built for reliable, fail-safe operation, are highly redundant, and employ additional
safety concepts such as group separation.
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8 The Essential CANDU

2.6 Shielding: providing protection from radiation

Uranium isotopes are not very radioactive by themselves and do not constitute a direct radia-
tion hazard. You can safely hold a fresh CANDU fuel bundle in your hands. Your biggest concern
would be dropping it on your toes since a typical bundle weighs about 20 kg or so. It is the
fissioning process that creates the nasty radioactive fission products. These ARE dangerous and
must be kept isolated from us. Radiation takes on a number of forms. Alpha and beta particles
are energetic charged particles that cannot penetrate solids to any significant degree. So as
long as the radioactive fission products are contained by a fuel sheath or some other pipe or
wall, there is no concern. Neutrons are not charged and can penetrate solid walls. We protect
ourselves from them by thick walls that slow down and absorb the neutrons. Combinations of
hydrogenous materials (like water and hydrocarbons) and absorbing materials (like boron and
cadmium) make good neutron shields. Gamma radiation, essentially very energetic photons
(ordinary light is low energy photons), are best stopped by dense material like lead and con-
crete. So constructing good shielding is not an onerous task, but it is an important one. Like in
the control systems, safety is enhanced by redundancy. In this case, this means layering the
shielding systems, one inside the other like a Russian doll set.
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CANDU in Context 9

2.7 The system that pulls it all together

The various requirements related to fuel, moderation, cooling, control and shielding to conceive
a stylized CANDU are pulled together as illustrated in figure 5. At the heart of the plant is the
reactor core containing the fuel and the moderator. Heat generated there is transported away
by the cooling system to the conventional side of the plant (steam generator, turbine and
electrical generator).

Recall the layered, defense-in-depth approach wherein the radioactive fission products are kept

from the environment by multiple protective barriers, culminated by the outer containment
shell.

Steam

Steam
Generatory

Heavy Water

Coolant Feedwater
(in heat T 5 :
transport

system)

1

Figure 5 The overall CANDU nuclear plant

Turbine

Generator

3

X

K

[><]
Reactor
Fuel A Heavy Water  Fuelling
{Uranium) ~ Moderator Machine

(in calandria)
Cooling Water

Obviously, a real CANDU is far more complex than the illustrations and designing a nuclear plant
is not a trivial exercise. There are many systems and sub-systems that interact.
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10 The Essential CANDU

3 Textbook Organization

Presenting educational material on a complex physical system such as a nuclear power plant is
problematic in that some knowledge of the physical plant is needed in order to give context to
the physical phenomena studied, yet some knowledge of the physical phenomena is needed to
make sense of the physical plant. So some iteration in presentation is unavoidable and, from a
learning perspective, will prove helpful.

So we begin in the introductory chapters by putting the CANDU reactor in a societal context,
give a very brief look at how the reactor functions, provide some historical context, and de-
scribe how it has evolved. From this the reader will appreciate enough of what a CANDU as a
physical system entails to give context to the more in-depth chapters that follow.

The flow of the Chapters 3 to 11 is dictated by the focus on the Process Systems and the flow of
power from the core to the grid. Subsequently Chapters 12 to 19 explore various key topics that
arise directly as a result of the energy generating process.

The very core of the subject, literally is the fuel. The process (i.e. fissioning) aspects of the fuel
and associated moderator are the subject of Chapters 3, 4 and 5 which cover the basic nuclear
processes and the reactor physics topics of statics and dynamics. This sets the nature of the
beast, as it were.

From both a process perspective and a safety perspective, cooling the reactor core and trans-
porting the heat energy generated by the core is centrally important. Thermalydraulic Design
and Analysis is covered by Chapters 6 and 7.

The overall plant dynamics are not so much determined by the dynamics of the individual
components and systems such as the reactor core or heat transport system since each of these
systems is controlled to keep each system within its own operating envelop. Overall plant
dynamics is more characterized by how these systems interact with each other and is the
subject of the chapters on Plant Systems (8) and Plant Operations (9).

Then a closer look at reactor and process system Instrumentation and Control (10) and Electrical
Systems (11) is given.

Radiation is generated and so must be understood, quantified and handled (Chapter 12 Radia-
tion Protection and Environmental Safety).

Fissioning is inherently an exponential process and entails substantial decay heat even after
shutdown. Hence Safety (13) and Regulations and Licensing (16) are central issues.

The nuclear environment can be a harsh and demanding one. Physical integrity must be main-
tained over the long life of the plant, day in, day out. Hence Materials (14) and Chemistry (14)
are key subjects.

The process characteristics of fuel as they relate to fissioning and heat transfer are treated in
the early chapters. But there is much more to say about fuel, specifically its physics characteris-
tics that enable it to perform so well under conditions that are so demanding. This is the
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subject of Chapter 17. The forward looking topics of Fuel cycles and storage and disposal are
the subjects of Chapters 18 and 19 and are a fitting way to end our introductory textbook on the
Essential CANDU.

4  Further reading

J The Virtual Nuclear Tourist at http://www.virtualnucleartourist.com/ - a very popular
site run by Joe Gonyeau, a dedicated nuclear engineer.
. The CANTEACH website at https://canteach.candu.org/ - be sure to visit the site library

for extensive information on CANDU reactors.
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CHAPTER 1

Introduction to Nuclear Reactors

prepared by
Dr. Robin Chaplin

Summary:

This chapter provides a top-level introduction to nuclear reactors and surveys the world reactor
situation. The various commercial large power producing reactors are identified and described
against a brief background of nuclear reactor principles and key reactor components. The
progressive expansion of nuclear power production is put into perspective in the global context.
The operation of nuclear plants with respect to changing grid system demand is explained with
some constraints identified. The chapter concludes with a brief review of safety and risk which
are critical aspects in the design and operation of nuclear plants.
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Introduction to Nuclear Reactors 3

1 Nuclear Reactor Principles

1.1 Fission Energy

All atoms consist of a nucleus of protons and neutrons surrounded by a cloud of electrons.
Generally, for elements of low atomic mass numbers, there are equal numbers of neutrons and
protons in the nucleus because this arrangement represents the most stable configuration. As
the atomic mass number increases, however, the increasing weak repulsive forces of similarly
charged protons in the nucleus are compensated for by an increasing number of neutrons which
contribute additional strong nuclear forces that bind adjacent protons and neutrons together.
Therefore, at high atomic mass numbers, there are approximately one and one-half times as
many neutrons as protons in the nucleus, as shown in Figure 1.
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Figure 1 Range of stable and unstable nuclides
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Should an element of high atomic mass number split, during a fission process, into two ele-
ments of lower atomic mass number, not as many neutrons will be required to create a stable
configuration, and the surplus neutrons will be released.

The nucleons (neutrons and protons) in the nucleus are bound together by nuclear forces.
When a nucleus is assembled, the binding energy attracting the individual nucleons is released.
Conversely, energy is required to separate individual nucleons from one another or from the
nucleus. This is analogous to the attraction of magnets to one another, but with a different type
of force. This binding energy is a maximum per nucleon for elements near the middle of the
range of atomic mass numbers and is somewhat less for elements with high atomic mass
numbers, as shown in Figure 2. This means that, if a heavy element fissions or splits into two
mid-range elements, the nucleons are bound together with a greater amount of binding energy
per nucleon. The surplus energy is released as the nucleons come together more strongly. This
is analogous to masses with potential energy falling into deeper holes and releasing this energy.
Because of the well-known relationship between mass and energy, the release of binding
energy is accompanied by a very slight decrease in the total mass of the constituents.

Binding Energy per Nucleon MeV

O v T L] ¥ ! 1

0 50 100 150 200 250 300

Atomic Mass Number A

Figure 2 Binding energy per nucleon

Elements with high atomic mass numbers are unstable and become more so as the atomic mass
number increases. If a neutron is added to the nucleus of a very heavy element, the additional
binding energy brought into the nucleus may excite it to the extent that it fissions. This occurs
in two isotopes of uranium and two isotopes of plutonium. Of these four fissile materials, only
uranium-235 is naturally occurring. Furthermore natural uranium contains only 0.7 percent of
U-235. Nevertheless, uranium-235 is the primary fuel of all commercial power producing
nuclear reactors.
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When a U-235 nucleus fissions, the release of binding energy amounts to about 200 MeV, or 32
x 101}, Although a very small amount, this translates into a heat production rate of 950 MW if
1 kg of U-235 is totally consumed per day. In a typical nuclear power plant operating on a
conventional steam cycle, this could be converted into an electrical power output of about 300
MW.

1.2 Nuclear Reactor Principles

Some heavy elements, such as uranium-235, can be induced to fission by adding a neutron to
their nuclei. When fission occurs, the resultant lighter elements do not require as many neu-
trons in their nuclei to maintain a stable configuration and, on average, between two and three
surplus neutrons are released. These neutrons can cause further fissioning of other U-235
nuclei and so establish a chain reaction. Such a reaction can be allowed to diverge, as in an
atomic bomb, or be controlled, as in a nuclear reactor. Under steady state conditions, just one
neutron on average from each fission should go on to produce another fission event.

When fission occurs, the release of energy drives the lighter elements or fission products and
the surplus neutrons away from one another at high velocity. Most of the energy is thus trans-
formed into kinetic energy carried by the fission products. As heavy strongly charged particles,
they do not travel any significant distance and dissipate their kinetic energy in the fuel by
interaction with other atoms, thus increasing the temperature of the fuel. The high energy fast
neutrons, being uncharged, readily pass through the fuel and other reactor materials.

1000 +

100 1

101

Cross section (barns)

1/v Resonance Smooth
region region region

Interactions of Importance

Scattering
Radiative capture
Fission

0S
lo; _ .

} T4 = Absorption
o

Figure 3 Fission and absorption characteristics of uranium

There are varying probabilities that they will be absorbed by different nuclei. The probability of
absorption by another U-235 nucleus to cause fission increases if the neutron velocity is re-
duced, and therefore reducing neutron energies is advantageous. Figure 3 shows the variation
of the fission cross section, that is, the probability of a fission reaction, of U-235 versus neutron
energy as a dotted line. The probability increases by a factor of nearly 500 as the neutron
energy is reduced from the fissioning release energy to the natural energy of neutrons in the
local environment, a process known as thermalization. This can be achieved by allowing the
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neutrons to experience a series of non-absorbing collisions with light nuclei, which during an
elastic collision receive some of the energy from the neutrons. The resulting low energy slow
neutrons are then absorbed in U-235 nuclei to cause further fissions. Some elements that can
slow down or moderate neutrons effectively without significant absorption are hydrogen,
deuterium, helium, beryllium, and carbon. Hence, light water (H,0), heavy water (D,0), and
graphite (C) all make good moderators in nuclear reactors.

The solid lines in Figure 3 show the total probability of absorption (resulting in both fission and
capture) in U-235 and U-238. In the resonance region (where neutron and nucleus frequencies
coincide) are large spikes with very high probability of capture for U-238, so it is best to avoid
this region during the neutron slowing down process. This can be achieved to some degree by
ensuring that the moderation process is carried out away from the fuel. This leads to a reactor
consisting of a matrix of fuel elements within the moderator with a discrete distance between
fuel elements. Furthermore, to promote heat transfer from the fuel, the fuel elements them-
selves consist of bundles of small fuel rods. This is illustrated diagrammatically in Figure 4.

Most of the heat from fission is generated by dissipation of the kinetic energy of the fission
products. Because this occurs in the fuel near the point of fission, it follows that the fuel
becomes the main source of heat in the reactor. To maintain a thermodynamic cycle to produce
work, this heat must be removed continuously as it is produced. A suitable coolant is therefore
required to flow over the fuel elements and remove the heat. The coolant must not readily
absorb neutrons and must have suitable thermal properties. Coolants such as light water, heavy
water, helium, and carbon dioxide meet these requirements.

Finally, to ensure steady state operation, the number of neutrons allowed to go on to produce
fission must be the same as the number in preceding generations of neutrons. To achieve the
required balance, the reactor as a whole is designed to generate excess neutrons in each
generation and to have a system for absorbing the excess so as to maintain and control the
reactor at a steady load. This also enables the number of neutrons in successive generations to
be increased when more power is required or to be decreased when power must be reduced.
Such control is usually achieved by having movable neutron-absorbing control rods partially
inserted into the reactor. By fully inserting the control rods, the reactor can be shut down.

Therefore, a typical nuclear reactor consists of the following main components as shown in
Figure 4:

e Fuel in which fission occurs and heat is generated

e Moderator to reduce the energy of the neutrons

e Coolant to remove the heat from the fuel elements

e Control rods to maintain the proper neutron balance.
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Figure 4 Nuclear reactor components

These components are usually arranged in a two-dimensional matrix so that neutrons generat-
ed by fission in one fuel rod pass through the moderator before entering the next fuel rod. The
spacing of the fuel rods depends upon the moderator properties and the distance required to
reduce the energy of the neutrons. The fuel rods are made small enough to promote heat
removal and are surrounded by coolant. Often the coolant serves as a moderator as well. The
control rods are made to penetrate between the fuel rods to capture excess neutrons effective-
ly. Naturally, some neutrons leak through the boundaries of the system, and many are absorbed
by the reactor materials or in the fuel without causing fission, meaning that the control rods do
not have to absorb a significantly large number of neutrons compared with the number causing
fission. The actual configuration of the matrix and the spacing of the fuel rods depend upon the
fuel and moderator characteristics.

2 Reactor Types

2.1 Prototype Reactors

As nuclear reactors developed around the key elements of fuel, moderator, and coolant, many
different types were proposed and constructed as demonstration models in an endeavour to
prove their technical and commercial viability. Some designs had serious technical problems,
while others had uniquely advanced features. However, due to arbitrary political decisions, one
or two good designs did not go beyond the prototype stage, while others with insurmountable
technical difficulties were abandoned. Nevertheless, some prototypes did operate successfully
for many years, providing valuable technical and operational experience while producing power.
Ultimately, the field narrowed to certain proven designs which were adopted on a commercial
basis. Currently, there are six main types, which are listed below in order of numbers in service.
The first five have proven to be commercially viable, while the sixth can be considered to be still
in the prototype stage, but to hold promise for the future as a reactor which can breed new
fissile fuel:
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8 The Essential CANDU

PWR Pressurized Water Reactor

BWR Boiling Water Reactor

PHWR Pressurized Heavy Water Reactor (CANDU)
GCR Gas Cooled Reactor

LGR Liquid Graphite Reactor

LMFBR Liquid Metal Fast Breeder Reactor.

2.2 Commercial Reactors

The reactors listed above will be described briefly in the following paragraphs for comparison,
starting with the simplest concept.

2.2.1 Boiling water reactor (BWR)

The boiling water reactor consists of a pressure vessel containing the fuel rods in vertical
elements, with each element surrounded by a channel. The channels are flooded with light
water which serves as the moderator and coolant. Pumps circulate water upwards through the
channels, and steam is generated within the channels. The exit steam quality is about 13%, and
the steam is separated from the water in cyclone separators above the reactor core. This
saturated steam is sent directly to the steam turbines.

Reactor Vessel

/\ Steam Outlet
Steam Dryers _/\/W\/\_

Separators I— Feedwater Inlet
5 ,
Jet ¥ (r

Pumps

—_—
Circulating Pumps

p=:

Control Rod Drives
Figure 5 Diagrammatic cross section of a typical BWR
This simple direct cycle has the disadvantage that steam from the reactor is passed through the
turbine and the condensate is returned through the feedwater heaters, making the whole

steam circuit slightly radioactive during operation. A simplified diagram of a boiling water
reactor is given in Figure 5.
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2.2.2 Pressurized water reactor (PWR)

The pressurized water reactor overcomes the problem of a slightly radioactive steam circuit by
having an intermediate heat exchanger to separate the reactor coolant circuit from the turbine
steam circuit. Steam is generated in this steam generator and is sent to the turbine as saturated
steam under conditions similar to those in the boiling water reactor. The reactor coolant circuit
is maintained at high pressure to prevent any boiling in the reactor and operates at a slightly
higher temperature than the BWR to promote heat transfer to the secondary steam circuit.
Because no boiling occurs in the reactor core, it is more compact and does not require channels.
The fuel rods of the individual elements form a continuous vertical matrix in the core. This is
flooded with an upward flow of circulating light water which serves as coolant and moderator.

A simplified diagram of a pressurized water reactor is given in Figure 6.

Steam Generator

Steam Outlet

Separators

Feedwater Inlet

N

Pressuriser
Control Rod Drives

Primary
Pump U-Tubes

—~ ~

& .

\

Reactor Vessel

Reactor Core

Figure 6 Diagrammatic cross section of a typical PWR

2.2.3 Pressurized heavy water reactor (PHWR) (CANDU)

The pressurized heavy water reactor is similar to the pressurized water reactor in that it has a
primary coolant circuit and secondary steam circuit with a steam generator producing saturated
steam. The reactor, however, is different in that it has individual pressure tubes passing hori-
zontally through the reactor core. Fuel rods in the form of bundles are contained within these
pressure tubes. The heavy water coolant flows through these tubes and is then circulated
through the steam generator. The pressure tubes are surrounded on the outside by heavy
water at low pressure and low temperature, which serves as the moderator. This is contained in
a large vessel or calandria at ambient pressure. The advantage of this system is that it does not
require a very heavy pressure vessel as in the BWR and PWR. The Canadian version is known as
the CANDU. Other variations such as the steam generating heavy water reactor (SGHWR) had
light water coolant and vertical channels and generated steam in the core. A simplified diagram
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of a pressurized heavy water reactor is given in Figure 7.
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Figure 7 Diagrammatic cross section of a typical PHWR (CANDU)

2.2.4 Gas cooled reactor (GCR)

The gas cooled reactor, like the pressurized water reactor, has separate reactor coolant and
steam generating circuits with an intermediate steam generator. The coolant, however, is gas,
which enables higher coolant temperatures to be achieved. This enables superheated steam to
be generated and a high efficiency steam circuit similar to that of a fossil fuel fired plant to be
used. Due to the high temperatures and large core volume required with a gas coolant, graphite
is more suitable than water as a moderator. This is installed in the form of blocks with holes to
form channels into which the fuel elements are placed and through which the gas coolant flows.
The early reactors of this type were known as Magnox from the type of fuel used, and later ones
were called advanced gas cooled reactors (AGRs), which run at higher temperatures with a
different type of fuel. By changing the coolant from carbon dioxide to helium, even higher
temperatures could be achieved, hence the designation high temperature reactor (HTR). This
type gave the ultimate advantage of large gas cooled reactors, which have a cycle efficiency as
high as any fossil fuel fired plant.

Later developments in this field, such as the pebble bed modular reactor (PBMR), use a direct
cycle, with the helium coolant passing directly to a helium turbine with the promise of even
better cycle efficiency. A simplified diagram of an advanced gas cooled reactor is given in Figure
8.
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Figure 8 Diagrammatic cross section of a typical AGR

2.2.5 Liquid graphite reactor (LGR)

The liquid graphite reactor has a graphite block core similar to that of a gas cooled reactor.
Pressure tubes similar to those of the pressurized heavy water reactor pass through vertical

holes in the graphite, which serves as the moderator. Fuel elements made up of clusters of rods
are located within these vertical tubes, and light water coolant flows upwards over the fuel and
within the tubes. Boiling occurs in the fuel as in the boiling water reactor. The resulting steam

is separated from the water in an external drum and the water recirculated. As with the boiling

water reactor, saturated steam is sent to the turbine. This type of reactor of Russian design is
known as the RBMK. A simplified diagram of a liquid graphite reactor is given in Figure 9.
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Figure 9 Diagrammatic cross section of a typical RBMK (LGR)
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2.2.6 Liquid metal fast breeder reactor (LMFBR)

The liquid metal fast breeder reactor is different from the others in many ways. The coolant is a
liguid metal, usually sodium, which flows directly over the fuel rods of the vertical fuel elements
in an upward direction. The heat carried in this primary circuit is transferred to a secondary
sodium circuit in a heat exchanger. This secondary circuit then transfers the heat to the steam
circuit in a steam generator. Because sodium remains a liquid at high temperatures without
being pressurized, heavy pressure vessels are not required, and high temperature superheated
steam can be produced to provide good cycle efficiency. There is no moderator to reduce the
energy of the neutrons, hence the term “fast”, and surplus neutrons are used to convert non-
fissile material into fissile fuel, hence the term “breeder”. This type of reactor has not yet
reached the commercially viable stage, and therefore there is no typical design.

3 World-Wide Commercial Power Reactors

3.1 Reactor Development

Following the Second World War, the development of nuclear reactors followed different paths
in different countries depending upon the facilities developed during the war and the perceived
military needs of certain countries following the war. The first nuclear reactors served to
generate plutonium-239, another fissile material formed when uranium-238, the major consti-
tuent of natural uranium, absorbs excess neutrons. Pu-239 could be easily separated from the
original uranium fuel and was needed for atomic bombs. U-235 is also used in nuclear wea-
pons, but is difficult to separate from U-238.

The United States had isotope separation facilities for uranium and therefore was able to pursue
the development of light water reactors requiring the use of uranium fuel slightly enriched in U-
235. The United Kingdom did not have such facilities and therefore was forced to develop
reactors using natural uranium. Canada had developed expertise in heavy water technology as
a result of the war effort and was therefore well positioned to develop heavy water moderated
reactors also using natural uranium.

When using natural uranium as a fuel, the low concentration of U-235 and the absorption of
neutrons in U-238 necessitate use of a moderator with an extremely low absorption cross
section to establish a continuous chain reaction. Only heavy water (deuterium and oxygen) and
graphite (carbon) have the required physical and neutron properties. This led Britain to develop
graphite moderated natural uranium metal fueled reactors with carbon dioxide as a coolant.
Later, when they had uranium enrichment facilities, they were able to switch to uranium dioxide
as the fuel. Canada, which had supplies of heavy water, was able to develop heavy water
moderated natural uranium dioxide fueled reactors. Heavy water is the only moderator that
can be used directly with natural uranium dioxide fuel to sustain the required fission chain
reaction. Although heavy water is an excellent moderator, especially with respect to neutron
absorption, it is very expensive to separate from ordinary water. If enriched uranium is availa-
ble, as was the case in the United States, there is wider scope in the choice of a moderator
because more neutron absorption can be tolerated. Therefore, light water (hydrogen and
oxygen) can be used as a moderator. An advantage of light water as a moderator is that it is
very effective per unit distance in slowing down neutrons, leading to a smaller moderator
volume and a more compact reactor than with the other moderators. However, light water has
the inherent disadvantage of absorbing a greater fraction of neutrons than graphite or heavy
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water.

Of the three moderators mentioned above, graphite is the least effective in reducing neutron
energy and requires the largest volume. Graphite moderated reactors are therefore the largest,
leading to high capital costs. Considering capital cost, moderator costs, and enriched fuel
supply and cost, all three of these became economically viable in their respective countries, and
commercial reactors for power plants subsequently evolved.

Over time, enriched uranium became more easily available, and commercial reactors were sold
to other countries which did not have fuel enrichment resources, leading to a free choice of
reactors. It is of interest to review the world use of nuclear reactors for electric power produc-
tion.

3.2 Commercial Reactors in Service

Table 1 shows the number, type, and output of reactors operating and committed or under
construction in different countries. The first column under the two latter headings is for reac-
tors currently in service and the second column for those reactors to be added in the coming
years. This table is representative of current commercial technology because most prototype
and early commercial reactors have served their useful life and been decommissioned.
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Table 1 Nuclear reactors in service and planned*

BWR-Boiling (Light) Water Reactor
GCR—Gas Cooled Reactor
LGR—-Light Water Graphite Reactor
LMFBR-Liquid Metal Fast Breeder Reactor
PWR-Pressurized (Light) Water Reactor
PHWR—-Pressurized Heavy Water Reactor
Country Reactor Type Number Operational + Existing Cap?acity +
Planned New Capacity (MWe)
Argentina PHWR 2 1 935 692
Armenia PWR 1 375
Belgium PWR 7 5 885
Brazil PWR 2 1901 1275
Bulgaria PWR 2 1906 2 000
Canada PHWR 22 15137
China PWR 12 41 9748 42 230
PHWR 2 1300
GCR 1 200
LMFBR 1 20
Czech Republic PWR 6 3678
Finland PWR 2 1 976 1 600
BWR 2 1740
France PWR 58 1 63 130 1600
Germany PWR 7 9 486
BWR 2 2572
Hungary PWR 4 1 889
India PWR 2 1834
BWR 2 300
PHWR 18 4 4091 2 560
LMFBR 1 500
Iran PWR 1 915
Japan PWR 24 19 286
BWR 26 2 24 818 2756
Kazakhstan LMFBR 1 70
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Country Reactor Type Number Operational + Existing Capacity +
Planned New Capacity (MWe)
Mexico BWR 2 1300
Netherlands PWR 1 487
Pakistan PWR 2 1 600 300
PHWR 1 125
Romania PHWR 2 3 1300 1869
Russia PWR 16 11 11914 9810
LGR 15 10219
LMFBR 1 560 750
Slovakia PWR 4 2 1816 810
Slovenia PWR 666
South Africa PWR 2 1800
South Korea PWR 17 7 15975 8 600
PHWR 4 2722
Spain PWR 6 6 004
BWR 2 1510
Sweden PWR 3 2799
BWR 7 6 504
Switzerland PWR 3 1700
BWR 2 1538
Taiwan PWR 2 1780
BWR 4 2 3104 2 600
Turkey PWR 4 4 600
Ukraine PWR 15 3 13107 2 850
United Arab Emirates | PWR 4 5 600
United Kingdom PWR 1 1188
GCR 17 8732
United States PWR 69 68 459 8990
BWR 35 34 935 2700

* Adapted from Nuclear News, March 2012

It is evident from Table 1 that certain types of reactors became dominant in certain countries,
particularly in those developing their own reactors, for example, PWRs and BWRs in the United
States, GCRs in the United Kingdom, PHWRs in Canada, and LGRs in Russia. However, in later
years, certain types of reactors have been favoured by countries without their own develop-
mental program, leading to the spread of some of these types to other countries. The PWR,
however, has become the most common type and is currently produced by various manufactur-
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ers around the world.

3.3 Recent Past and Near Future

Table 2 gives a summary of the situation at the beginning of 2012. It shows that PWRs make up
61% of operational reactors and 67% of total nuclear capacity, due mainly to their larger size
relative to PHWRs and GCRs.

Table 2 Nuclear reactors in service in 2012*

Reactor Type Number in % Total Capacity %
Service (MWe)

PWR 267 61 246 555 67
BWR 84 19 78 321 21
PHWR 51 12 25610 7
GCR 17 4 8732 2
LGR 15 4 10 219 3
LMFBR 1 0 560 0
TOTAL 435 100 369 997 100

*Adapted from Nuclear News, March 2012.

A similar review done in 1998 indicated that during the intervening 14 years, the number of
reactors in service had only increased by two, but that total capacity had increased by 11%. This
was due primarily to the decommissioning of smaller older reactors which had reached the end
of their economic life. It does not reflect a lack of new plants coming on-line because the
number of PWRs increased by 17, even though 10 were taken out of service during this period.

Looking forward over 10 years to 2022, Table 3 shows the total number of reactors currently in
service and committed for commissioning or construction. Although the table does not consid-
er possible decommissioning of some reactors, it also does not take account of new orders
which will be completed before 2022. In this context, it should be noted that 80% of new
construction is due to be on-line by 2017, leaving time for new commitments which will likely
overcompensate for possible decommissionings.
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Table 3 shows a dramatic increase of 25% and 29% respectively in the number of reactors in
service and available capacity over the following 10 years.

Table 3 Projected reactors in service in 2022*

Reactor Type | Number in Change (%) Total Capacity | Change (%)
Service (MWe)

PWR 356 +33 339569 +38
BWR 90 +7 86 377 +10
PHWR 59 +16 30722 +20
GCR 18 +6 8932 +2
LGR 15 0 10219 0
LMFBR 5 +400 2076 +271
TOTAL 543 +25 477 895 +29

*Adapted from Nuclear News, March 2012

3.4 Status of Large Reactors

Table 4 New large reactors (1000 MWe and greater)*

Country Reactor Type | Number New Capacity
Committed (MWe)
Brazil PWR 1 1275
Bulgaria PWR 2 2 000
China PWR 38 36 400
Finland PWR 1 1600
France PWR 1 1600
Russia PWR 6 6 900
South Korea PWR 7 8 600
Taiwan PWR 2 2 600
Turkey PWR 4 4 600
United Arab Emirates PWR 4 5 600
United States PWR 8 8990
BWR 2 2700

*Data extracted from Nuclear News, March 2012

Most reactors currently under construction or on order are of large capacity, that is, 1000 MWe
or greater. Considering only reactors of this size, Table 4 shows the type of reactor, total capaci-
ty, and country where these are being built or to be built.

For comparison, the number of large units taken out of service to date is given in Table 5. This
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table shows the capacity, date taken out of service, and number of years in service.

Table 5 Decommissioned large reactors (1000 MWe and greater)*

Country Reactor Type | Capacity Date Years of
(MWe) Service
France LMFBR 1200 1998 12
Germany PWR 1219 2001 14
BWR 1346 2011 27
PWR 1345 2011 32
PWR 1240 2011 34
PWR 1167 2011 36
United States PWR 1,095 1992 16
PWR 1040 1998 24
PWR 1040 1998 25
TOTAL 10 692 220

*Data extracted from Nuclear News, March 2012

The average service life of these excluding the LMFBR is 26 years. Typically with refurbishment
the life expectancy of such reactors would be at least double this.

4 Power Production

4.1 Energy Transfer

Heat, energy, and work all have the same units (joules), but somewhat different meanings, and
power is the rate of doing work (watts). What is important is that not all heat can be converted
into work. Although the first law of thermodynamics states that all work can be dissipated as
heat, the second law states that not all heat can be converted into work. In a typical water
cooled nuclear plant (CANDU, PWR and BWR) approximately 30% of the heat released by the
fuel is ultimately converted into electrical energy. The rest must be discharged as low grade
(low temperature) heat.

During the fission process, heat is generated in the fuel. This heat is removed by the reactor
coolant flowing over the fuel rods and transported in the primary circuit to the steam generator,
where it flows inside the tubes and its heat is transferred to the secondary circuit through the
walls of the tubes in the steam generator. Water in the secondary circuit outside the tubes
absorbs this heat and is converted into steam under saturated conditions. This steam is passed
to the turbine where it expands to low pressure while being directed onto the turbine blades
and in so doing transfers its energy to the turbine rotor. The rotor drives the electrical genera-
tor which produces electric power. The exhaust steam is condensed by cooling water passing
through the condenser tubes and in so doing discharges the bulk of the heat which cannot be
converted into work. The condensate is returned to the steam generator after being preheated
in the feedwater heating system. A simple flow diagram for a nuclear plant is shown in Figure
10. Note that in the BWR and RBMK, steam is generated directly in the reactor, so there is no
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separate steam generator.
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Figure 10 Simplified flow diagram of a nuclear plant

4.2 Power Output

Consider a very simple system with a nuclear reactor, steam generator, and turbine generator
supplying electric power to an isolated electrical grid, as shown in Figure 11. This power must
be generated at the moment it is required by the consumers connected to the grid. Power
production must follow demand exactly, and any mismatch will cause the grid frequency to fall
or rise as demand increases or decreases. A basic control system works as follows to maintain
appropriate power output from the plant. In the event of an increase in demand the mismatch
will cause the grid frequency to fall. Because the turbine generator is synchronized to the grid,
its speed will drop accordingly. This will be sensed by the turbine governor which will open the
governor valves to admit more steam to increase the power output of the turbine generator.
The additional flow of steam to the turbine will cause a reduction in steam pressure in the
steam generator. This in turn will be sensed by the reactor regulating system which will with-
draw control rods from the reactor core until the increased fission rate generates sufficient
additional heat to restore the steam generator pressure. In the event of a decrease in demand
the reverse occurs. This is known as the reactor following or turbine leading mode of operation
(or normal mode in some plants because it is a natural way of maintaining stable conditions).

Such a system, however, cannot maintain a specified frequency (60 Hz in North America) exactly
without large unstable oscillations, and therefore a certain speed droop is incorporated into the
turbine governor. This enables a progressive increase in governor valve opening (steam flow) as
the turbine speed (grid frequency) falls. A typical droop setting is 4%, which means that, if the
turbine was initially at zero load and full speed, its speed would have to drop to 96% before the
governor valve would be fully open. Such a speed is not acceptable for the turbine due to
possible blade vibration, nor to the grid due to loss in speed of connected motors. Therefore,
the governor is adjusted to bring the speed back to 100% at full load. In the event of a turbine
trip or load reduction to zero under these conditions, the reverse would occur, and the turbine
speed would rise to 104% of full speed.
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Figure 11 Lagging and leading plant operation

In the mode of operation just described, the nuclear reactor output follows the electrical grid
demand, and therefore its power level oscillates continuously. This can have adverse effects
depending upon the type and design of the reactor. Excessive oscillations impose temperature
transients on the fuel, which can cause premature failures of the fuel cladding. Large oscilla-
tions near full power can cause power limits to be exceeded, thus tripping the reactor and
losing power production as well as imposing restart transients on it and the turbine. Due to
high capital cost and low fuel cost it is desirable to run nuclear reactors at full power most of the
time. An alternative mode of operation is therefore often used at nuclear plants where the
reactor power output is fixed. This is known as reactor leading or turbine lagging operation. To
maintain stable operation, the reactor power is controlled at a given value by measuring the
neutron flux and adjusting the control rods accordingly. Pressure in the steam generator must
be maintained at the proper value to ensure stable conditions in the reactor coolant circuit.
This is done by opening or closing the turbine governor valves to control steam flow from the
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generators. The turbine then delivers power according to the steam flow and the generator
sends this power into the grid system regardless of the grid frequency. The grid frequency must
then be controlled by other turbine generators which feed into the grid system and operate in
the turbine leading mode.

By referring to the figure showing the two modes of operation, it can be seen that steam
generator pressure is a key control parameter in both modes. This highlights the importance of
the steam generator, where a balance of heat input and heat output must be maintained to
maintain pressure. Furthermore, the difference in temperature between the primary coolant
and the secondary working fluid determines the rate of heat transfer. Hence the reactor coo-
lant temperature is determined by saturation temperature and thus by steam generator pres-
sure.

4.3 Operating Constraints

During operation, parts of the reactor, steam system, and turbine are subject to high tempera-
tures. If these parts have thick walls or have a substantial solid mass they will likely suffer
thermal stress during the heating and cooling that arises during startup and shutdown and also
during load transients. If a thick component is heated on one side, that side will tend to ex-
pand. If the side is constrained by the still cold base material so that it cannot expand an
internal stress will be set up. The reverse happens during cooling. Therefore, large rigid com-
ponents which are subject to transient and uneven heating and cooling will suffer low cycle
fatigue damage and may ultimately fail. This effect can be minimized by slow heating and
cooling to reduce temperature differences in single components such as reactor pressure
vessels, steam generators, steam pipes, turbine casings and turbine rotors. This means that all
these components must be preheated slowly before startup and the unit must be loaded slowly.
Similarly, load changes on the unit should be carried out slowly. This requirement imposes
operating restrictions on reactors and turbines. Generally, the larger the unit, the longer the
time to start it up and load it. This makes large units less flexible in operation than smaller
units.

In the reactor, temperature transients in the fuel cause structural changes within the fuel and
stress on the cladding and therefore must be minimized to avoid premature fuel failures. In the
turbine, uneven heating and cooling of the rotor can cause bending, which in turn causes
excessive vibration and in the extreme case contact with the casing and therefore must be
monitored very carefully.

A nuclear reactor is also subject to xenon transients which may inhibit operation for a certain
period. When the load on a reactor is suddenly reduced, xenon, a fission product that absorbs
neutrons very strongly, builds up in the fuel and may force a reactor shutdown. The xenon
eventually decays after about 40 hours, and the reactor can be restarted. During this time,
there is a loss in electrical power production, and the larger the unit, the more serious is this
loss in revenue generating output.

4.4 Fuel Burnup

As the fuel in the reactor is used up, the concentration of uranium-235 decreases. This reduces
the number of fissions occurring with a given number of neutrons. Furthermore, some of the
fission products produced absorb neutrons, thus reducing the number of neutrons available to
produce fission. These changes can be accommodated by withdrawing the control rods from
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the reactor and allowing more neutrons to be available in the fuel. After a long period of
operation, however, such changes can no longer be accommodated, and the fuel may have
become depleted in U-235 to the point where a continuous chain reaction can no longer be
sustained. At this point, the reactor has to be refuelled with fresh fuel.

With reactors that are partially refuelled once a year, the control rods do not provide an ade-
guate range of control, and therefore a soluble neutron absorber is added in small quantities to
the moderator. Its concentration is gradually reduced over time to compensate for fuel burnup.
Some reactors are designed for continuous on-load refuelling. This is advantageous because the
effects of fuel burnup and fission product production are negligible with regard to overall
reactor conditions.

5 Safety and Licensing

5.1 Radiation Hazards

Many types of radiation, both natural and human generated, are encountered in everyday life.
Even the human body contains radioactive materials. This radiation can be divided into two
categories. The first is electromagnetic radiation, which is assumed to travel in waves of dis-
crete frequencies, for example, X-rays, y-rays, and UV rays. The second is particulate radiation
consisting of high-energy particles moving at high velocity, such as a-particles, B-particles,
neutrons, etc. Charged particles such as a-particles and B-particles are easily stopped by
ionization of surrounding material, but y-rays and neutrons can be very penetrating due to their
low interaction with most materials.

Radiation causes damage to biological structures such as cells. However, cells are in a continual
state of dying and being replaced, so such damage is naturally repaired provided that it is not
excessive. Of concern though is possible damage to DNA structures and subsequent genetic
effects. For this reason exposure to radiation is controlled much more rigidly than exposure to
toxic materials and dangerous chemicals. Although y-rays and neutrons can penetrate the
human body, a-radiation and B-radiation are generally damaging only if materials that emit
these particles are ingested or come into contact with skin.

In the core of a nuclear reactor, the fission process produces neutrons and highly reactive fission
products which emit a-particles and B-particles as well as y-radiation as they decay to stable
isotopes. Neutrons and y-rays are emitted from the core, but are attenuated to low and safe
levels by adequate shielding around the reactor. The fission products are held within the fuel
and therefore do not pose a hazard unless released to the environment through leakage from
the fuel or rupture of the fuel.

During operation of a nuclear plant, small amounts of leakage inevitably occur because some
fission products are gaseous and attenuation cannot eliminate all radiation. Therefore, the
entire operational area within and surrounding the plant as well as the local environment is
continuously monitored to ensure that radiation is kept well within safe limits and usually kept
much lower.

In the event of a serious accident, for example, fuel overheating and rupture of reactor compo-
nents, the design of all reactors makes provision for barriers to contain these fission products
and prevent their release to the environment. Such barriers may not be perfect, and some
radioactive products may be released. If people in the surrounding area ingest such products,

OUNENE, all rights reserved. For educational use only, no assumed liability. Introduction to Nuclear Reactors —June 2015



Introduction to Nuclear Reactors 23

they will be subject to a-radiation or B-radiation emitted by these products, along with some y-
radiation resulting from the decay process. The design of the plant has, as a key objective, the
provision of safety devices and containment barriers to ensure that radiation exposure to the
public is kept well below acceptable limits in the event of an accident.

5.2 Risk Assessment

Humankind is subject to many risks, both natural and human generated. These risks have been
analyzed, and if the severity of an accident is compared with the probability of its occurrence, it
is generally found that the probability of an accident occurring is much higher if the number of
deaths per accident is low (motor vehicle accidents) than if the number of deaths is high (air-
craft accidents). Because the consequences of a serious nuclear accident (for example, the
Chernobyl accident) can be very severe, the probability of its occurrence must be kept very low.
This puts great pressure on the nuclear industry to minimize the risk of serious accidents to
levels far below those of other industries. The result is that the nuclear industry is the most
regulated of all industries. Highly sophisticated design and accident analysis techniques and
requirements are in place to ensure public safety.

5.3 Licensing Principles

All nuclear plants are subject to a rigorous licensing process by an independent regulatory
authority to ensure safety of operating personnel and the general public and to ensure that
there are no detrimental effects to the surrounding environment. All aspects of the plant are
checked and assessed with regard to the effects of possible failures of key components. Initially
this assessment was based on the maximum credible accident due to a single failure. In the
event of the worst possible accident, the likely damage to the plant was assessed and the
containment barriers reviewed to determine the likely amount of radioactive fission product
release to the environment. This release was to be kept below specified values. This concept
did not take account of the possible (though very unlikely) failure of a component deemed not
to fail, nor did it take account of multiple minor failures which could have a cumulative or
cascading effect, causing an otherwise unpredicted failure of a key component.

The modern approach, based on the probability of failure of a key component and the conse-
guences of such a failure, overcomes the shortcomings mentioned above. A component
deemed not to fail can be given a very low but still finite probability of failure. Moreover,
multiple components which are all associated with one type of accident can each be given a
certain probability of failure, and hence the probability of simultaneous failure can be assessed.
Ultimately the entire plant can be assessed to determine the probability of an accident leading
to a certain release of radioactive fission products. Hence, the safety of the surrounding envi-
ronment and population can be ensured to a very high degree, that is, a very low probability of
damage to the environment or excessive radiation exposure to the population.

The transition to a probabilistic approach as opposed to the deterministic method was initially
difficult due to a lack of statistical data and because certain failures could have different root
causes. However, as the industry has matured, more statistical data have become available
from test results and operating experience. Nevertheless, the process remains complex.

Another consideration is the relative importance of component failure and human error. A
quick analysis done many years ago indicated that roughly half of various incidents and acci-
dents in operating nuclear plants around the world were caused by human error and roughly
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half by component failure. Many component failures could be ascribed to human error during
component design or manufacture. Rigorous quality control, quality assurance, and quality
management procedures can minimize manufacturing and construction defects. Proper train-
ing, assessment, and licensing of plant operators can minimize human error during operation.
This all contributes to a lower risk of accident and increased safety in nuclear plants.

A further development in the nuclear industry is the concept of passive safety. This means that
in the event of a failure leading to accident conditions, the reactor will naturally revert to a safe
shutdown condition and maintain that condition with minimal operator intervention, even in
the event of the loss of key services. Some newer designs, for example, can maintain reactor
cooling after shutdown by natural coolant circulation and natural heat convection to the envi-
ronment.

6 Problems

1 Explain why the fission of very heavy elements results in release of neutrons as well as
production of excess energy.

2 Explain the purpose of the key components of a nuclear reactor and show how these are
arranged to ensure adequate heat removal and satisfactory control.

3 Describe the key similarities and differences between a CANDU and a PWR as well as be-
tween a CANDU and a BWR.

4 Explain how fission heat is converted into electrical energy and identify all key interfaces and
points of energy conversion in the process.

7 Bibliography
[Cameron1982] I. R. Cameron, Nuclear Fission Reactors, Plenum Press, New York, 1982.

[EI-Wakil1982] M. M. EI-Wakil, Nuclear Energy Conversion, 3 ed., American Nuclear Society, La
Grange Park, IL, USA, 1982.

[Foster1983] A. R. Foster and R. L. Wright, Basic Nuclear Engineering, 4t ed., Prentice-Hall,
Englewood Cliffs, NJ. USA, 1983.

[Glasstone1994] S. Glasstone and A. Sesonske, Nuclear Reactor Engineering: Volume 2, Reactor
Systems Engineering, 4" ed., Chapman & Hall, New York, NY, USA, 1994.

[Knief1992] R. A. Knief, Nuclear Engineering, 2" ed., Hemisphere Publishing Corporation,
Washington, DC, USA.

[Lamarsh2001] J. R. Lamarsh and A. J. Baratta, Introduction to Nuclear Engineering, 3" ed.,,
Prentice-Hall, New Jersey, USA, 2001.

OUNENE, all rights reserved. For educational use only, no assumed liability. Introduction to Nuclear Reactors —June 2015



Introduction to Nuclear Reactors 25

8 Acknowledgments

The following reviewers are gratefully acknowledged for their hard work and excellent com-
ments during the development of this Chapter. Their feedback has much improved it. Of course
the responsibility for any errors or omissions lies entirely with the author.

Bob Tapping
Jeremy Whitlock
Bhaskar Sur
Terry Rogers
George Bereznai

Thanks are also extended to Diana Bouchard for expertly editing and assembling the final copy.

OUNENE, all rights reserved. For educational use only, no assumed liability. Introduction to Nuclear Reactors —June 2015



26

The Essential CANDU

OUNENE, all rights reserved. For educational use only, no assumed liability. Introduction to Nuclear Reactors —June 2015



Historical Background

prepared by
Dr, Robin Chaplin
Professor of Power Plant Engineering (retired)
University of New Brunswick

Summary:

A review of the historical background for the development of nuclear energy is given to set the
scene for the discussion of CANDU reactors.
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1 Growth of Science and Technology

The rate of technology increase has accelerated as technology itself has increased, leading to a
sort of exponential growth. Energy growth is a good example of this phenomenon. Water power
developed relatively slowly, steam power somewhat more quickly, electrical power even more
rapidly, and nuclear power very rapidly. In the case of nuclear energy, collaboration between
scientists in different countries initially spurred the discovery of various nuclear particles. Then
the Second World War provided an incentive to harness the fission process, and later the rapid
growth in demand for new energy after the war provided the need for nuclear power. Within
the time span of roughly half a century, an entirely unknown source of energy had become a
major producer of commercial electric power. In addition, an entirely new and sophisticated
technology had been developed.

Before about 1900, most scientific work in this field was related to electricity. Then in the next
two decades following the discovery of radiation and its characteristics, various pieces of the
nuclear puzzle began to come together. Only by 1920 was the basic structure of the atom
understood, and the existence of the neutron was confirmed in 1932. This was a pivotal discov-
ery because the neutron is the key element in establishing a fission chain reaction. Just ten
years later, in 1942, the first self-sustaining chain reaction was established, and by 1956 the
technology had advanced to the point where a nuclear fission reactor could produce electric
power on a commercial scale.

In reviewing this evolution of nuclear energy, it is important to note the recognition given to the
researchers responsible for these discoveries. The Nobel Prize is the most prestigious award
given to such advances in the scientific field. Some twenty Nobel Prizes in nuclear and radiation
physics and nuclear chemistry or closely related fields were awarded over a fifty-year period
from 1901, the year of the first Nobel Prize.

To appreciate these advances in technology properly, it is convenient to consider a timeline of

achievement with key advances shown and to link these with some renowned scientists. A
timeline of these discoveries is shown in Figure 1.
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Figure 1 Timeline of significant discoveries
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2 Renowned Scientists

Many researchers in different countries around the world have contributed to this new field of
science. Several collaborated with one another or worked or were trained in another’s labora-
tory. Each contributed a piece of the puzzle. Those making a significant advancement in this
field were awarded Nobel Prizes. Some 20 prizes were awarded over a fifty-year period, demon-
strating the importance of this field of science.

The Nobel Prizes awarded in Physics and Chemistry in the nuclear field from 1901 to 1951 with
the recipients and a statement of their contribution, as obtained from the Nobel Foundation
Official Web Site, are listed below.

1901

1903

1906

1908

1911

1918

1921

1922

Physics:

Physics:

Physics:

Chemistry:

Chemistry:

Physics:

Physics:

Physics:

Wilhelm Conrad Roentgen
"In recognition of the extraordinary services he has rendered by the discov-
ery of the remarkable rays subsequently named after him"

Antoine Henri Becquerel

"In recognition of the extraordinary services he has rendered by his discov-
ery of spontaneous radioactivity"

Pierre Curie, Marie Curie (née Sklodowska)

"In recognition of the extraordinary services they have rendered by their
joint researches on the radiation phenomena discovered by Professor Henri
Becquerel"

Joseph John Thomson
“In recognition of the great merits of his theoretical and experimental
investigations on the conduction of electricity by gases"

Ernest Rutherford
"For his investigations into the disintegration of the elements, and the
chemistry of radioactive substances"

Marie Curie (née Sklodowska)

“In recognition of her services to the advancement of chemistry by the
discovery of the elements radium and polonium, by the isolation of radium
and the study of the nature and compounds of this remarkable element"

Max Karl Ernst Ludwig Planck
"In recognition of the services he rendered to the advancement of Physics
by his discovery of energy quanta"

Albert Einstein

"For his services to Theoretical Physics, and especially for his discovery of
the law of the photoelectric effect"

Niels Henrik David Bohr

"For his services in the investigation of the structure of atoms and of the
radiation emanating from them"
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1923

1927

1929

1932

1933

1935

1938

1939

1944

1945

1951

1951

Physics:

Physics:

Physics:

Physics:

Physics:

Physics:

Physics:

Physics:

Chemistry:

Physics:

Physics:

Chemistry:

Robert Andrews Millikan
"For his work on the elementary charge of electricity and on the photoelec-
tric effect"

Arthur Holly Compton

"For his discovery of the effect named after him"

Charles Thomson Rees Wilson

"For his method of making the paths of electrically charged particles visible
by condensation of vapour"

Prince Louis-Victor Pierre Raymond de Broglie
"For his discovery of the wave nature of electrons"

Werner Karl Heisenberg
"For the creation of quantum mechanics, the application of which has, inter
alia, led to the discovery of the allotropic forms of hydrogen"

Erwin Schrédinger, Paul Adrien Maurice Dirac
"For the discovery of new productive forms of atomic theory"

James Chadwick
"For the discovery of the neutron

Enrico Fermi

"For his demonstrations of the existence of new radioactive elements
produced by neutron irradiation, and for his related discovery of nuclear
reactions brought about by slow neutrons"

Ernest Orlando Lawrence
"For the invention and development of the cyclotron and for results ob-
tained with it, especially with regard to artificial radioactive elements"

Otto Hahn
"For his discovery of the fission of heavy nuclei"

Wolfgang Pauli
"For the discovery of the Exclusion Principle, also called the Pauli Principle"

Sir John Douglas Cockcroft

Ernest Thomas Sinton Walton

"For their pioneer work on the transmutation of atomic nuclei by artificially
accelerated atomic particles'

Edwin Mattison McMillan, Glenn Theodore Seaborg
"For their discoveries in the chemistry of the transuranium elements"
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3 Significant Achievements

Three scientists and their respective discoveries tend to stand out in the development of
nuclear physics as applied to energy production. Niels Bohr developed a model to describe the
structure of the atom, James Chadwick established the existence of neutrons, and Enrico Fermi
directed the construction of the first reactors. All these achievements were the result of exten-
sive work in analyzing the results and further developing the ideas of other researchers and
collaborators. Extracts of their biographies from the Nobel Foundation Official Web Site are
given below.

3.1 Niels Bohr

In the autumn of 1911 he made a stay at Cambridge, where he profited by following the ex-
perimental work going on in the Cavendish Laboratory under Sir J.J. Thomson's guidance, at the
same time as he pursued his own theoretical studies. In the spring of 1912 he was at work in
Professor Rutherford's laboratory in Manchester, where just in those years such an intensive
scientific life and activity prevailed as a consequence of that investigator’s fundamental inquir-
ies into the radioactive phenomena. Having there carried out a theoretical piece of work on the
absorption of alpha rays which was published in the Philosophical Magazine, 1913, he passed
on to a study of the structure of atoms on the basis of Rutherford's discovery of the atomic
nucleus. By introducing conceptions borrowed from the Quantum Theory as established by
Planck, which had gradually come to occupy a prominent position in the science of theoretical
physics, he succeeded in working out and presenting a picture of atomic structure that, with
later improvements (mainly as a result of Heisenberg's ideas in 1925), still fitly serves as an
elucidation of the physical and chemical properties of the elements.

3.2 James Chadwick

In 1932, Chadwick made a fundamental discovery in the domain of nuclear science: he proved
the existence of neutrons—elementary particles devoid of any electrical charge. In contrast with
the helium nuclei (alpha rays) which are charged, and therefore repelled by the considerable
electrical forces present in the nuclei of heavy atoms, this new tool in atomic disintegration
need not overcome any electric barrier and is capable of penetrating and splitting the nuclei of
even the heaviest elements. Chadwick in this way prepared the way towards the fission of
uranium 235 and towards the creation of the atomic bomb. For this epoch-making discovery he
was awarded the Hughes Medal of the Royal Society in 1932, and subsequently the Nobel Prize
for physics in 1935.

3.3 Enrico Fermi

In 1934, Fermi evolved the B-decay theory, coalescing previous work on radiation theory with
Pauli's idea of the neutrino. Following the discovery by Curie and Joliot of artificial radioactivity
(1934), he demonstrated that nuclear transformation occurs in almost every element subjected
to neutron bombardment. This work resulted in the discovery of slow neutrons that same year,
leading to the discovery of nuclear fission and the production of elements lying beyond what
was until then the Periodic Table.
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In 1938, Fermi was without doubt the greatest expert on neutrons, and he continued his work
on this topic on his arrival in the United States, where he was soon appointed Professor of
Physics at Columbia University, N.Y. (1939-1942).

Upon the discovery of fission, by Hahn and Strassmann early in 1939, he immediately saw the
possibility of emission of secondary neutrons and of a chain reaction. He proceeded to work
with tremendous enthusiasm, and directed a classical series of experiments which ultimately
led to the atomic pile and the first controlled nuclear chain reaction. This took place in Chicago
on December 2, 1942, on a squash court situated beneath Chicago's stadium. He subsequently
played an important part in solving the problems connected with the development of the first
atomic bomb. (He was one of the leaders of the team of physicists on the Manhattan Project for
the development of nuclear energy and the atomic bomb).

4 Nuclear Fission

Before 1939, there was no evidence to suggest the practical usefulness of atomic energy. In
1934, Enrico Fermi had reported that, when uranium was subjected to a stream of neutrons,
elements of higher mass number were formed. These transuranic elements attracted the
interest of other researchers, who discovered elements of unexpected mass numbers in the
products. Otto Hahn and Friedrich Strassmann noted in 1938 that the masses of two of these
products added up to the mass of the uranium atom plus a neutron. Subsequently, in early
1939, Lise Meitner and Otto Frisch were able to explain in a published report that "it seems
possible that the uranium nucleus has only small stability of form and may, after neutron
capture, divide itself into two nuclei of roughly equal size". This was called fission, the term
which was commonly used in biology to describe the division of living cells. Otto Frisch soon
after proved, as they had predicted, that the particles released had strong ionizing power. This
was also confirmed by several other researchers. Furthermore, these fission fragments were
found to be ejected at high velocity and to possess radioactive properties. Most of the confir-
matory work of this new revelation was completed within three months of the initial publication
of the theory of nuclear fission. This subsequently was generally referred to as "splitting the
atom".

Lise Meitner and Otto Frisch estimated that the amount of energy release in a single fission
process was in the order of 200 MeV, far greater than any other known nuclear reaction. This
can be shown by comparing the masses of the fission products with the masses of the original
nucleus plus a neutron and converting this difference to energy.

It soon became evident, as had been mentioned by Enrico Fermi, that neutrons should be
emitted during fission due to the general structure of the atoms of uranium and the fission
products. This was subsequently confirmed by different researchers.

S5 Nuclear Energy

It had already been recognized that mass could be converted into energy and that so-called sub-
atomic particles existed within atoms. When nuclear fission by neutrons was discovered and
found to produce further neutrons along with fission fragments, the possibility of a branching
chain of fissions became a real prospect. If these occurred in a rapid sequence, given the
amount of energy released in each fission event, the result could be a catastrophic explosion. At
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that time, interest became focused on the possibility of a powerful atomic bomb. Subsequently,
from 1940 on, all further work related to the use of nuclear energy to produce an atomic bomb
took place in secrecy. The limits to this possibility became evident with further research that
showed that a nuclear chain reaction could be sustained only in uranium-235 and plutonium-
239. The former could be separated by gaseous diffusion and the latter created by a controlled
neutron chain reaction. Both methods required extensive equipment to produce even small
amounts.

The production of Pu-239 required an operating nuclear reactor with suitable fuel and modera-
tor to establish a chain reaction with U-235 in which neutrons were produced, some of which
would be absorbed in U-238 to create Pu-239. To construct a reactor in which a controlled chain
reaction would occur, Enrico Fermi and Leo Szilard realized that a heterogeneous system of
lumps of uranium embedded in graphite blocks in a lattice formation would be required. The
first experimental lattice was erected in 1941 at Columbia University under the supervision of
Fermi and followed by a larger one shortly thereafter, but impurities in the materials prevented
a chain reaction from being initiated. Towards the end of 1942, sufficient amounts of pure
materials were available, and a sufficiently large pile of graphite blocks and lumps of uranium
was built at the University of Chicago to establish a continuous self-sustaining chain reaction on
December 2, 1942.

The next step was an enormous scale-up to the plutonium production plants at Hanford Works,
where sufficient plutonium was produced to enable the first atomic bomb to be tested on July
16, 1945. Concurrently, a huge gaseous diffusion plant was built at Oak Ridge to separate U-235
from U-238 and so create highly enriched uranium for a second atomic bomb.
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