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Preface

This book is developed from course lecture notes given in the graduate programme in
Nuclear Engineering at the Royal Military College of Canada (RMC), Kingston, ON, and
Ecole Polytechnique, Montreal, QC, and an undergraduate course at Queen’s University,
Kingston, ON. It is further based on subject research in nuclear fuel behaviour, thermal
hydraulics and radiation protection (for aircrew and space crew) as research scientists at the
Canadian Nuclear Laboratories [formally the Chalk River Laboratories of Atomic Energy
of Canada Limited (AECL)] and as a university educator and Industrial Research Chair
in Nuclear Fuel sponsored by the CANDU Owners Group (COG), University Network of
Excellence in Nuclear Engineering (UNENE) and Natural Sciences and Engineering Research
Council (NSERC). This book focuses on undergraduate and graduate-level teaching in nuclear
engineering with the development of concepts in a systematic manner. It is relevant to the
nuclear professional summarizing some key research developments in the fields of nuclear
fuel behaviour, health physics and reactor thermal hydraulics. Moreover, it especially fills an
important need and niche as a modern and comprehensive textbook for undergraduate and
graduate instruction and the learning of core subjects in atomic and nuclear theory, nuclear
reactor physics, nuclear reactor dynamics and control, nuclear fuel engineering, thermal
hydraulics, nuclear reactor safety, and health physics and radiation protection. The textbook
also contains extensive nuclear and reactor physics data, and fundamental constants detailed
in several Appendices as developed from recent data libraries. Solved exercises are provided
to augment the learning of the text material. In addition, a number of solved problems used
for various tests and examinations in the courses are also included at the end of each chapter.
This package therefore provides a complete set of source material and problems with a single
textbook for undergraduate and graduate course instruction.

January 2017 Brent]. Lewis
E. Nihan Onder
Andrew A. Prudil

XV






Acknowledgements

We would like to recognize the use of some source material selected from several nuclear
engineering courses. In particular, we would like to acknowledge the use of lecture material
derived from the CHE1521S course of Professor R. Jervis at the University of Toronto in the
area of nuclear and radiochemistry for Chapter 1 and lecture material from the CHE1531S
course of Professor J. Luxat at the University of Toronto on nuclear reactor control systems
for Chapter 3. In addition, we are indebted to Dr. Altan Tapucu from Ecole Polytechnique for
providing some of his lecture notes from the ENE 6002 and ENE 6107 courses and comments
on Chapter 5 and Professor Alberto Teyssedou from Ecole Polytechnique for his contribution
to the ENE 6002 and ENE 6107 course materials, and Professor H.W. Bonin of the Royal
Military College of Canada for some of his course material and problems on health physics
and radiation protection from the CC511 course for Chapter 7. We would like to further
acknowledge and thank Professor P. Chan for some lecture material on nuclear fuel design and
nuclear safety, Dr. Diana Wilkinson from the Defence Research Development Canada (Ottawa)
on radiation biology and Kirsten Avarmaa for her diligent work on the book illustrations.

PowerPoint slides developed from material in this book for courses CC511 (Health Physics
and Radiation Protection), CC523 (Nuclear Reactor Engineering) and CC533 (Nuclear Fuel
Engineering) were graciously provided by Professors E. Corcoran and P. Chan from the Royal
Military College of Canada for use on the Wiley web site.

The book is dedicated to the many graduate students we have had the pleasure to supervise
and mentor over the many years. Finally, we would like to thank our colleagues for their
continual friendship and collaboration, and especially our families for their patience and loving
support.

xvii






Xix

About the Companion Website

Don’t forget to visit the companion web site for this book:
www.wiley.com/go/lewisnuc

& web%
®

EY o
There you will find valuable material designed to enhance your learning, including:

e Problem solutions
e Teaching slides
e Course outlines

Scan this QR code to visit the companion web site



http://www.wiley.com/go/lewisnuc




Prologue

Introduction

Nuclear technology was first developed in the 1940s during research on weapons production
during the World War II. Attention turned to commercial nuclear power in the 1950s. Today,
nuclear energy is an important source of electricity production for three main reasons:
(i) supply, (ii) environmental footprint (i.e., climate change) and (iii) economics.

As shown in Figure P.1, nuclear power provides about 11% of the global electricity needs. In
particular, as of 2015, there have been 16 000 reactor years of experience with 436 commercial
power reactors in 31 countries that supply 378 000 MW (electrical) of total capacity; in
addition, 67 nuclear power reactors are also under construction with 166 reactors being
planned (Table P.1). Fifty-six countries operate a total of 240 research reactors as a source
of neutrons for scientific research and for the production of medical and industrial isotopes.
Moreover, there are about 180 nuclear reactors that power ships and submarines.

From 1990 to 2010, the world electricity (e) capacity rose by 57 GWe (17.75%), with a rise
in electricity produced from nuclear power of 755 TWh (40%), as shown in Figure P.2, due to
new plant construction (36%), uprating of other plants (7%) and an increase in availability of
plants (57%). The USA itself accounts for nearly one third of the world’s nuclear electricity (see
the first column of Table P.1), where nuclear power plant performance has increased over the
past twenty years with capacity factors over 90% in five of the seven years up to 2013. In 2011
and 2012, both capacity and output diminished, with cutbacks in Germany and Japan (i.e., in
Japan dropping from 13 TWh in 2010 to 0 TWh in 2015 as seen in Table P.1) following the
Fukushima reactor accident (see Chapter 6).

Nuclear power is important because of its relatively low environmental footprint in terms
of climate change. The lifecycle greenhouse gas (GHG) emissions from different forms of
electricity generation for all phases of the process including construction, operation, and
decommissioning are shown in Figure P.3 based on the analysis of twenty studies. This analysis
shows that generating electricity from fossil fuels results in much greater emissions than that
from nuclear or renewable generation.

Data for costs in the United States for various sources of electricity production from 1995 to
2012 (Figure P.4) show nuclear generation (i.e., for the fuel plus operation and maintenance) at
2.40 cents/kWh, as compared with coal at 3.27 cents/kWh and gas at 3.40 cents/kWh. These
costs exclude indirect costs and capital costs that are plant/utility specific and also depend on
the age of the plant.

Fundamentals of Nuclear Engineering, First Edition. Brent J. Lewis, E. Nihan Onder and Andrew A. Prudil.
© 2017 John Wiley & Sons Ltd. Published 2017 by John Wiley & Sons Ltd.
Companion Website: www.wiley.com/go/lewisnuc
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Figure P.1 World electricity production in

Other, 7.4% 2012. Source: World nuclear association.
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Solar and wind, 2.7%)

Nuclear, 10.8%

Hydro, 16.5%
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A finish study for projected electricity costs in 2003 suggested nuclear production at €2.37
cents/kWh, coal at €2.63 cents/kWh and natural gas at €3.22 cents/kWh (Figure P.5). This study
assumed a 91% capacity factor, 5% interest rate and 40-year plant life. The relative effects of
capital and fuel costs are depicted. Nuclear production specifically has a relatively high capital
cost that depends importantly on the financing costs and length of time for construction. On
the other hand, the fuel costs are much lower, so that once a nuclear plant is built its costs are
more predictable compared to gas or coal. In addition, a carbon tax can impact costs, that is,
with carbon emissions trading at €20/t CO,, the electricity costs for coal and gas increase to
€4.25 and 3.92 cents/kWh, respectively. Finally, in 2015, a report from the Institute for Energy
Research on the levelized cost of electricity from existing generation resources suggested
nuclear production at slightly over $90/MWh, compared with coal at almost $100/MWh and
gas just over $70/MWh.

Organization of the book

The book covers a broad range of key areas in the field of nuclear engineering and is organized
into seven chapters, consisting of: Chapter 1: Atomic and Nuclear Theory; Chapter 2: Nuclear
Reactor Design and Physics; Chapter 3: Nuclear Reactor Dynamics and Control; Chapter 4:
Nuclear Reactor Materials and Fuel Engineering; Chapter 5: Thermal Hydraulics; Chapter 6:
Nuclear Reactor Safety; and Chapter 7: Health Physics and Radiation Protection. Information
in the book is provided at both an introductory and a more advanced level and also draws on,
in part, recent state-of-the-art research in nuclear fuel behaviour, reactor safety and thermal
hydraulics. The book chapters are presented in a logical manner from basic theory to design,
construction, operation, control and safety of nuclear reactors, including the need for health
physics and radiation protection. It also contains nine appendices of relevant nuclear and
reactor physics data as well as fundamental constants, cross-sections and fission product
yields. This work also includes a complete exercise manual with solved problems for the
exercises and problems presented at the end of each chapter.
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Figure P.2 Nuclear electricity production in the world. Source: World nuclear association.
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Figure P.3 Average lifecycle greenhouse gas emissions from different sources of electricity generation. Source:

World nuclear association.
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Figure P.4 US electricity production costs from 1995 to 2012. Source: World nuclear association.
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Figure P.5 Projected electricity costs for Finland in 2003. Source: World nuclear association.



Prologue

Chapter 1 provides an overview of atomic and nuclear theory, including historical develop-
ments and a modern understanding of the underlying forces of nature. It particularly explains
nuclear composition and stability in nature and how energy release is “thermodynamically”
favoured in the fission process. This energy release occurs through a mass loss between
the reactants and products as a result of Einstein’s mass-energy equivalence relationship
and is the source of energy in nuclear power. The chapter also details generalized schemes
and systematics for alpha, beta and gamma decay and transition processes. Importantly, by
utilizing nuclear models, it explains why specific decay systematics are observed for isotopes in
accordance with nuclear selection rules. The theory provides a fundamental understanding of
decay processes and their energies as well as the observed nuclear spin and parity of nuclides.
It also details the important concepts of nuclear reactions and cross sections as needed for
reactor physics analysis in the design of the critical reactor core in Chapter 2.

Chapter 2 illustrates the overall design of reactors, including past, present and future
concepts. It describes the physics of criticality, including introductory reactor theory, design
and operation. In the steady-state, sources and losses of neutrons in the reactor are examined
for the critical state employing diffusion theory for leakage of neutrons from the core. Diffusion
theory in itself is an approximation of the more generalized neutron transport equation. The
development of this latter equation from advanced reactor theory is also presented, as is
its simplification to diffusion theory with the assumption of isotropic neutron scattering.
Moreover, the solution of the more detailed neutron transport equation using modern
computational methods is explained.

Chapter 3 examines the dynamical nature of the reactor using a “point kinetics” approach.
This chapter involves a discussion of the overall reactivity of the system for control of the
reactor. The time-dependent behaviour of the reactor for start-up, shutdown or a change in
power is discussed as a further extension of the steady-state development in Chapter 2. It
details how the reactor can be controlled solely from the production of delayed neutrons that
are produced by radioactive decay of some fission products. The effects of the loss of fissile
material and the production of fission product “poisons” are discussed. Engineered devices
used to control the reactor are further detailed. Also, the specifics for the fuelling of the reactor
as well as different fuel management schemes are examined.

Chapter 4 details nuclear reactor materials, including the properties of structural
materials, and irradiation effects on materials that can lead to corrosion and materials
degradation/deformation. Such degradation includes irradiation hardening, creep and growth,
embrittlement and crud formation. It provides a complete description of fuel rod materials,
including advanced fuel designs and state-of-the-art efforts for development of accident
tolerant fuels following the Fukushima accident as described in Chapter 6. This chapter covers
new additives in fuels to improve performance, as well as metallic and ceramic fuels (e.g.,
nitrides, silicides, carbides and mixed-oxide fuels). It also describes the fuel cycle with nuclear
fuel fabrication and production, operation, fuel chemistry, restructuring and fission product
behaviour, thermophysical properties of the fuel, fuel performance and reprocessing of spent
fuel. Severe fuel damage phenomena are covered later in the book (in Chapter 6 on reactor
safety).

Chapter 5 includes a treatise on reactor thermal hydraulics to describe heat transport
from the core as well as flow conditions in the reactor coolant system. It details the different
flow regimes, pressure drop, critical heat flux and condensation phenomena. This discussion
includes modern correlations with a broadened review of single- and two-phase flow, including
viscous/inviscid, internal (pipe)/external (tank) flow, and forced and natural convective flow.
This more complete treatment is important to better understand both normal operating
conditions, as well as abnormal reactor operations as detailed later in Chapter 6.
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Chapter 6 provides an understanding of nuclear reactor safety and reactor behaviour under
abnormal conditions. It includes a discussion on reactor licensing and regulation as adopted
in various countries. The chapter also discusses engineered safety features with emergency
core coolant systems and reactor containment, various civil and military reactor accidents,
radioactive plume migration and radiation dose analysis, nuclear emergency response and
severe core damage phenomena.

Chapter 7 provides a description of the interaction of radiation with matter and fundamental
concepts of health physics and radiation protection. Moreover, this chapter includes radia-
tion dose assessment, the biological effects of radiation as well as radiation contamination
treatment. It also describes the evolving subject of space-radiation protection.



