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Preface 
This book evolved from material used as background in several design-oriented 
courses for students who have had an introduction t o  nuclear engineering. A 
primary objective is to  develop an additional perspective of engineering areas 
important to  reactor design which interplay with one another. Emphasis is given 
to  such areas as engineering economics, thermal-hydraulics, safety analysis, and 
fuel systems, which in an introductory course are often not covered with 
sufficient breadth to  provide a student with enough “tools” t o  participate in a 
meaningful group design effort. Since many parameter interplays are brought 
out, the book is also intended for the inexperienced engineer interested in 
improving his background for reactor design. 

Significant technological progress has been made in many of the areas 
described during the years that were required to  prepare the book. Although 
continual updating occurred, compromises were necessary t o  achieve publica- 
tion. The reader should therefore use the book as a source of ideas, not as a 
reference for the latest technique or design value. 

In general, notation used in equations is that of the original source as a 
convenience to readers who are already familiar with such material. As a result, 
some notation inconsistencies do occur between various sections of the book. 

This book is a direct result of the stimulation received during my association 
with Dr. Samuel Glasstone in the preparation of Nuclear Reactor Engineering. In 
addition, I am very grateful to Dr. Glasstone for his continual encouragement 
and inspiration. 

The contributions of Roger Stover and Owen Gailar t o  Chapter 5 are 
gratefully acknowledged. I am also indebted t o  the several generations of 
students who used the material in draft form and commented on it. Although it 
is not feasible t o  list the many reviewers of the draft manuscript who 
contributed valuable suggestions, I want t o  express my gratitude to  them. Since 
it was not possible to  incorporate all the suggestions made, I accept full 
responsibility for the material appearing in the book. 

Thanks are due to  R. F. Pigeon of the AEC Office of Information Services, 
who was the administrator for the writing and the production of the book. 
Invaluable editorial assistance was provided by W. F. Simpson, Jr., Margaret L. 
Givens, and Dee Jared of the AEC Technical Information Center. 

Although this book was prepared under its auspices, the Atomic Energy 
Commission allowed me complete editorial freedom. Any opinions expressed in 
the book are therefore mine and do not necessarily represent those of the 
Commission. 

Alexander Sesonske 
August 1973 
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Introduction 

1.1 This book is primarily intended t o  provide nuclear engineering graduate 
students and inexperienced engineers with background material on several topics 
that play a vital role in the design of commercial nuclear power plants. As part 
of this introduction, a major objective is t o  bring out the interplays among 
engineering disciplines that affect the design. Since many of the topics 
considered are described at  length only in the report literature, an attempt is 
made to  at least discuss the appropriate highlights. A broad coverage consistent 
with the need to provide perspective is essential t o  meet these objectives. Some 
corresponding sacrifice in detail is therefore justified since the reader can consult 
reference material once he knows how such material fits into the overall picture. 

1.2 As a way of limiting the presentation, it is assumed that the reader is 
familar with general references such as Nuclear Reactor Engineering. ' Some 
duplication with such sources is necessary, of course, in order t o  retain topic 
unity. 

ENGl NEERING DESIGN 

INTROOUCTION~ , 3  

1.3 The engineer's primary function is t o  create a structure, device, process, 
etc., that will meet a practical requirement. The creative process required, 
known as design, can therefore be considered the very heart of engineering 
practice. Although this book is concerned primarily with those efforts, whatever 
they may be called, which result in the construction and reliable operation of a 
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nuclear power plant, it is useful first to  consider in a general way the processes 
required to  rearh this goal and the terms that are applied. 

1.4 The desired goal can be considered a “problem,” the solution of which 
proceeds through a number of logical steps.-The initial step is to define the 
problem in a total way. This step includes the sorting out of irrelevant 
information and of presently available solution approaches from the true nature 
of the problem to be solved. The next step is to  analyze the problem, wherein 
the effects of various parameters and restrictions are evaluated. The establish- 
ment of a model that may involve computer simulation is likely to  be required 
for this stage. 

1.5 Subsequent design stages include the creative effort required to  actually 
search for various alternate “solutions” t o  the problem and to  evaluate them in 
order to choose the best solution. Characteristically, each path to a solution is 
likely to be unsatisfactory in some way, and a compromise between advantages 
and disadvantages may be necessary. A systematic procedure for accomplishing 
this balancing operation is optimization. Finally, after a solution has been 
chosen, it is necessary t o  work out  its complete details, or t o  prepare 
specifications. 

1.6 Nuclear power design problems can be extremely varied. The concep- 
tual design of the entire power plant, the selection of a fuel-management 
scheme, or the development of a small component can all be pursued along the 
lines of the general format described. This book, however, devotes primary 
attention t o  the analysis phase as applied t o  the reactor portion of the power 
plant. 

DESIGN R ESPONSI BIL I TIES 
IN NUCLEAR REACTOR ENGINEERING PROJECTS 

I .7 In the evolvement of a power-reactor system, from conception, through 
the construction stage, and finally t o  acceptance, the design engineering 
responsibilities are normally shared by several different g r o ~ p s . ~  The user, the 
architect-engineer, the nuclear equipment manufacturer, and the engineer- 
constructor each plays a different role. The user, or customer, owns the 
proposed plant and therefore desires primarily to obtain a system that will 
provide energy in a reliable manner over the lifetime of the reactor a t  minimum 
cost. User design is therefore oriented toward the establishment of specifications 
and the evaluation of proposals. A great deal of conceptual or preliminary design 
effort may be necessary during the early stages of the project to reach a decision 
regarding the size and general features of a nuclear plant as well as the relative 
merits of a fossil-fuel plant. The specification procedure may include studies of 
alternate nuclear-plant concepts. Consultants hired by the user may play an 
important role in this design effort. 

1.8 The concept of a product known as the nuclear steam supply system 
(NSSS) is important in the establishment of design responsibilities. This concept 
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evolved from an initial “turnkey” project approach in which all equipment and 
subsystems were supplied by the reactor vendor. Next, the scope of the reactor 
vendor’s responsibility was reduced by deleting the turbine generator and much 
of the field work, leaving a “nuclear island” consisting of the reactor, 
containment, and all systems within the containment structure. Finally, the 
NSSS concept received acceptance by both utilities and vendors as the preferred 
package for buying and selling nuclear steam-generating facilities. 

1.9 The manufacturer of the nuclear steam supply system designs the 
subsystems, manufactures the fuel and most of the hardware directly connected 
with the reactor vessel, inside and outside, and specifies 2nd builds or procures 
the equipment directly associated with the reactor coolant and the principal 
safety subsystems, warranting the output and performance of the system. In 
fact, a major reason for the evolvement of the NSSS package is that it provides a 
basis for warranties. 

1.10 The primary responsibility of the architect-engineer is to  design and 
prepare specifications for the nonreactor portion of the power plant, which 
includes buildings, auxiliary services, etc. Such firms also have the usual 
architectural responsibility for the coordination of engineering details, super- 
vision of construction, and inspection of the work of contractors. Considerable 
variation is possible in the areas of design responsibility, which may be assigned 
by the user t o  the architect--engineer, depending on the engineering resources 
available to  each and the relative role of consulting organizations. Such a 
responsibility could include the nuclear steam supply system itself. Some 
engineering firms serve as general contractors for the entire project; they 
subcontract the reactor portion to  a reactor manufacturer. A separate 
engineer-constructor is often given responsibility for supervising the construc- 
tion of the plant. The division of responsibilities tends t o  vary. In fact, some 
utilities act as their own architect-engineers and engineer-constructors. 

1.11 It is important to  remember that the architect-engineer and engi- 
neer-constructor act only as agents for the user; they carry out n o  manu- 
facturing or actual construction. They merely provide a professional service. In 
the design of an advanced system, the architect-engineer is therefore limited by 
the ability of various contractors to  meet the specifications that he establishes. 
As a result, the performance specifications are likely t o  be in the range of 
existing practice. On the other hand, the equipment manufacturer, in preparing a 
design for a similar system consisting of a number of components, can take 
advantage of his own experience and development capability by introducing 
innovations and improved-performance requirements. Engineering responsibility 
for advanced experimental reactors may therefore be assumed by the user. 

1.12 Design effort by the equipment manufacturer is oriented toward 
supplying a product, perhaps a complicated system, which meets the customer 
specifications. In designing the product, he can take advantage of the advanced 
technology that he  may have developed internally. The manufacturer, as do 
contractors for other services, normally submits a bid in competition with 
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others. Consequently there is incentive to  prepare a design that will permit a bid 
low enough to  w ~ n  the contract but high enough t o  allow the manufacturer to  
make a profit. 

1 . I 3  The detailed design of reactor components, including the pressure 
vessel, core, and all its internals, is therefore the responsibility of the 
manufacturer. This is in contrast t o  the design effort of the user, who is 
concerned primarily with the overall requirements of the plant and their effect 
on the utility system. Since there are many interplays between what might be 
called the “internal” plant design and the “external” requirement design, both 
are considered in this book. 

DESIGN ANAL YSIS 

1.14 At a number of  locations around the world, electrical generating 
plants are being built which use nuclear fuels instead of coal, oil, or gas. What is 
the basis for this choice? In practically every case the decision was made after a 
study which concluded that the nuclear plant would be more economical or 
would be preferred from the viewpoint of atmospheric pollution ( 8  1.47) or 
other national-goal considerations ( 5  1.37). 

1.15 More is involved, however, than a simple comparison between the 
proposed. nuclear plant and a fossil-fuel plant. Nuclear plants of different types 
might meet the economic and engineering criteria for the specific proposed plant 
and hence must be studied and compared. Questions of safety and fuel-resource 
utilization may be important in the selection. In fact, a substantial effort is 
involved in making planning decisions, studying the effects of many parameters 
on the behavior of  the system under design, and thoroughly understanding the 
frequently complicated interplay between these parameters. I t  is also common 
for variables to  operate at cross-purposes so that a compromise is necessary to  
achieve a workable design. 

1 . I6  The systematic consideration of  the important individual parameters 
that contribute to  a reactor design is known as design analysis. The design itself, 
of course, consists of the synthesis of  many individual considerations into a 
working system. This synthesis, however, is only one step in the svcalled 
engineering design process ( 5  1.3), which also includes analysis, evaluation, and 
iteration steps. 

1.17 Before applying a formal engineering design process, however, the 
experienced design engineer can d o  much to  “sort out” parameters which have 
an important influence on the concept from those which d o  not. Basing his work 
on past experience and reasonable assumptions, he may be able t o  establish a 
rough or preliminary design which is quite satisfactory for many purposes and 
which involves a combination of parameters “not far” from the optimum. 
Furthermore, this design model may be useful for the systematic study of the 
effects of changing parameters on reactor characteristics. Various approaches are 
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also available ( 5  1.29 and Chap. 9) for the optimization of the design with 
respect t o  some criterion, usually economic in nature. 

SYSTEMS ENGINEER1 NG 

IN TR 0 D UC TI ON 

1.18 Systems engineering’ is closely associated with engineering design. In 
fact, the terms are sometimes used interchangeably. Operations research, 
concerned with the analysis of mathematical models of systems, is also related. 
Since many of the processes of both operations research and systems engineering 
provide powerful tools useful in the design of power-reactor systems, a brief 
introduction t o  the terminology and approaches is given here. A further survey 
of optimization techniques is given in Chap. 9. 

1.19 The word “system” is used in many different ways, even by engineers. 
According t o  one definition, a system is a group of things that make up the 
whole in a regular, interrelated, organized manner. From the viewpoint of 
engineering design, a system can be considered a device or process of some 
complexity, the behavior of which can be accurately described. The description 
can be presented by means of a mathematical model, which includes provision 
for various “inputs,” system “states,” and “outputs.” Inputs can be considered 
various restrictions or design requirements imposed on the designer, states as the 
actual conditions of the mechanism, and output as a product. For a nuclear 
reactor design, these terms can be used rather loosely. 

1.20 A large system can normally be divided into smaller units, each also 
having inputs, outputs, etc. Such subsystems may be closely interrelated, with 
the output of one serving as the input t o  another. Of course, additional 
subdivision is possible. The coarseness of subdivision, however, depends on the 
needs of the problem. Subsystems that are not relevant t o  the problem under 
consideration are called componenfs. 

1.21 The systems approach is therefore applicable t o  the design of any 
engineering mechanism consisting of a number of interrelated components for 
which a mathematical model describing the behavior of the individual 
components can be established. An optimized design can then be achieved 
through formalized mathematical approaches (Chap. 9). 

1.22 Although in theory such procedures can also be applied t o  the design 
of a complete nuclear power system, an exact mathematical representation, 
including economic parameters, would be too complex for the practical 
application of existing optimization procedures. In addition, the uncertainty 
that may be associated with some physics and economics parameters limits the 
accuracy of representation and the corresponding degree of mathematical 
sophistication that is appropriate. I t  is possible, however, t o  apply the systems 
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approach to  portions of the plant complex. With future improved confidence in 
parameter representation as well as improvements in computer facilities, so that 
very complex problems can be treated economically, it  is likely that the systems 
approach can be applied t o  the design of a complete nuclear plant. 

S YS TEM EN VIR ONMEN TA L FACTORS 

1.23 A useful systems engineering concept is associated with the environ- 
ment or decision space external t o  what has been defined as the system. Various 
considerations outside of the system which affect system design in some way can 
thus be identified. The concept of a boundary between the system and the 
environment across which internal-external influence factors can be applied is a 
helpful way t o  sort out the variables relevant to  the system itself from those 
which may only affect the interactions between the system and its subsystems. 

1.24 For a nuclear power plant, both physical and economic “external” 
factors influence the overall system requirements. Such factors are established at 
the initial stage of the design. For example, the so-called requirements analysis 
must consider existing systems, or, in the case of a power reactor, the functional 
requirements for the reactor in relation t o  the utility system in which it will 
become a part. Interactions with the public on such questions as safety and 
ecological effects of the plant site require analysis. In addition, consideration 
must be given t o  the economic environment, which includes management policy, 
relations with government, and the price and cost structure for the planned 
system design. For the projected plant t o  be profitable, the cost of electricity 
produced must be consistent with costs from other utility system facilities. 
Other environmental factors might include the various items that contribute t o  
the cost of fuel and all the complicated accounting requirements necessary to  
determine an actual manufacturing cost ($3.5). 

1.25 In one sense the state of existing technology could be considered an 
environmental factor. Design practice, based on such existing technology, 
provides a background upon which a great deal of the system description can be 
based, including the influence of various limitations imposed by materials, 
reliability of theoretical predictions, etc. An important phase of the existing 
technology environment concerns standards and codes (Chap. 6). For example, 
safety standards, establishing design specifications that result in desired high 
levels of reliability in plant performance, have much t o  d o  with the nature of the 
design. 

1.26 In a broad sense, all phases of systems design are affected by these 
environmental-decision-space factors. The specifications, including necessary 
boundary conditions for the new system, are derived from the environment. 
Once designed, the system must be evaluated with reference t o  its projected 
environment. This requirement should be kept clearly in mind by the designer in 
considering various portions of the systems design, e.g., the thermal transport 

6 I NT R ODU CT IO N 



system, control and neutronic design, cost estimation. A power-reactor plant is 
so complex that it is essential for the systems engineer t o  concentrate on 
functional variables that affect, or are affected by, the preceding environmental 
factors and to  avoid being submerged in the large amount of design detail not 
related to  the environment “interface.” Although such design-detail problems 
must be solved before the reactor system is operable, they need not be given 
high priority in the early phases of the design effort when it is important to  fix 
the general characteristics of the system. The proper identification of pertinent 
environmental factors is therefore important at this early design stage. 

DESIGN 

REQUIREMENTS 
- 

DESIGN FEEDBACK AND ITERATION 

1.27 Although the term “feedback” is normally applied to  communication 
and control systems, it is also applicable to the design process. A closed-loop- 
design approach for either a complete reactor system or a subsystem is shown in 
Fig. 1.1. This feedback loop is a result of introducing evaluation into the design 

TESTS A N D  

EXPE R I M ENTS 

DESIGN - 
SYNTHESIS 

COMPARISON - 
i 

Fig. 1.1 Closed-loopdesign approach. 

1 
I T E R A T I O N  APPROVED 

process. Such evaluation may be based on information derived from either 
planned experiments or a consideration of parameters external to  the system 
that were not included in the original design. I t  is normal for the evaluation 
process to  bring to  light the need for design adjustment, the resolution of 
inconsistencies, or, in some cases, a change in the original specifications. Such 
problems can be solved by “trips” around the feedback loop with appropriate 
adjustments each time as needed. 

THE ROLE OF MODELS, SIMULATION, AND COMPUTERS 

1.28 If an accurate mathematical model of the system to  be designed could 
be prepared, computer techniques could be used to  search for a combination of 
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specifications that would meet the desired design constraints, i.e., to prepare the 
design. Similarly, an analog or analog-digital hybrid approach could be used to 
simulate the dynamic behavior of the reactor system. These methods have 
received considerable attention but, of course, are limited in their application to 
the complexity of representation that is justified considering the accuracy of the 
input data. Another consideration is the trade-off between the expense of 
computation and the accuracy of results that may be desired for a given purpose 
(Chap. 8). 

OPTIMIZA TION 

1.29 Optimization6 is the final stage of system design. Optimization is the 
process of seeking a combination of conditions that results in some “most 
favorable” situation with respect to  some criterion such as maximum cost or 
minimum weight. An introduction to  design-optimization approaches is given in 
Chap. 9. A few introductory comments are given here, however, as part of the 
discussion of the design process. 

1.30 In a classical approach from elementary calculus, a maximum or a 
minimum can be found by setting equal to  zero the first derivative of the 
criterion function with respect to  an independent variable. Such an approach is 
applied to  the following typical nuclear design problem: 

Example 

Determine the height-to-radius ratio (H,/R,) for a buckling corresponding to 
a minimum critical volume for a right-circular cyclinder. For a cylinder, 

but taking V, = nRfH, and multiplying by (nR~Hc/V,)2’3 gives 

Now, differentiating B2 with respect t o  H,/R, and setting the derivative equal to  
zero gives 

Hc 
and -- - 1.85 

Rc 

1.31 When additional independent variables are involved, it is necessary to  
differentiate with respect t o  each of them and set the derivatives equal to  zero. 
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When the relations between the independent variables are not continuous or 
cannot be easily expressed analytically, graphical procedures and trial-and-error 
methods are desirable. Such procedures are useful, however, only for fairly 
simple systems containing two independent variables. Because optimization has 
been necessary for the design of complicated systems in the space and process 
industries, special mathematical techniques have been developed, as discussed in 
Chap. 9. For each method, however, the relations between the system variables 
must be completely understood. 

1.32 Some of the simple functional relations can be clarified by considering 
a geometric analogy. Assume that there exists some mathematical function of 
the variables x, , x 2 ,  x 3 ,  ... , xk which is equal t o  the cost of power on a 
unit-energy basis, C. 

The function is sometimes called a response function. For only two variables, x1 
and x 2 ,  C can be represented by a surface. Some constraints may, of course, be 
effective. The designer, having previously arrived at  some combination of 
variables, using his knowledge of similar systems or engineering judgment, is 
interested in finding the direction in which changes in the value of the variables 
will lead to  an optimum. Furthermore, it is necessary t o  determine the position 
of the maximum (or minimum). 

1.33 In the method of steepest descent, one of the gradient methods, a 
small area of  the curved surface around a point remote from the minimum can 
be represented by the best-fitting sloping plane. The direction toward a 
minimum is determined from the slope of the tilted plane. Then, by repeated 
trials, the optimum can be approximately located in the region in which the 
slope becomes small. In practice, the procedure is usually carried out analytically 
since more than two variables, as required for a geometric surface, are usually of 
interest. The partial derivatives of the cost function indicate its rate of change 
with respect t o  the variables involved. The gradient, Vc, of the cost function can 
then be determined: 

ac ac ac 
ax, ax2 3x3 

vc = V I  -t v2 -+ v3 -+ 

where v l ,  v 2 ,  v 3 ,  ... are unit vectors in the direction of the axes corresponding t o  
the variables in multidimensional space. The gradient, VC, in turn, is a vector 
that can be directed along a path in which the response of the function, C, might 
increase or decrease rapidly, much as one might explore the tilt of a plane about 
a point in the case of a two-variable surface. A minimum condition is where 
vc = 0. 

1.34 The procedure in Eq. 1.2 is valid only if one of the partial derivatives 
of the function vanishes within the range of interest of the variables and not at 
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one of the boundary conditions. Such a situation, where the optimum would be 
at the boundary, occurs when the function is linear. Should this be the case, a 
trial-and-error approach is necessary to  search for an optimum of the function of 
a number of variables satisfying linear inequalities or equalities as boundary 
conditions. Such an approach is known as linear programming. Systematic 
procedures utilizing digital computers have been developed for the trial-and-error 
operations, as discussed in Chap. 9. 

1.35 Mathematical and computational difficulties arise in the case of 
multistage processes in which each stage operates in sequence. In this case an 
optimum must be obtained for each stage involving, let us say, M independent 
variables. If there are N interconnected stages in the system, the problem is of 
magnitude MN. Dynamic programming is a technique utilizing a high-speed 
computer for reducing such an MN-dimensional optimization problem to a case 
of M variables considered N times. This procedure is also described more fully in 
Chap. 9. 

1.36 Since the usefulness of a “formalized” optimization approach is 
limited by the ability to describe the system, the amount of sophisticated 
mathematical treatment that is appropriate for a given problem is subject to  
evaluation. In general, these formalized approaches are most useful for 
preliminary surveys in which a small number of parameters are studied over a 
wide range and high accuracy is not needed. For final designs for which 
parameter variation may cover only a narrow range, however, secondary effects 
are likely to  become important. Additional patame ters are thereby introduced 
which may be difficult to accommodate in the computational procedure of a 
formal approach. 

NUCLEAR POWER PROJECTS 

INCENTIVES 

1.37 An engineering design project is undertaken to  meet a practical need. 
Before discussing nuclear projects, therefore, and some of the design-parameter 
interplays in such projects, we should consider some of the reasons why such 
projects are undertaken. The incentive for the specific project may strongly 
affect its nature and determine the design compromises that may be necessary. 
With utility company: central-station plants, for example, favorable economics is 
probably the most important incentive, but other factors, such as freedom from 
air pollution and uncertain fossil-fuel supplies, may contribute. An incentive for 
a nuclear system for space propulsion is improved performance. 

1.38 A number of countries, including the United States, have ‘‘national 
programs” wherein nuclear power activities are encouraged or subsidized for 
reasons other than the potential for producing electrical energy economically. 
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Such encouragement is justified by contributions that nuclear power makes 
toward the attainment of national goals.' 

1.39 One such goal is to  utilize energy resources efficiently. Although the 
known reserves of coal, oil, and gas may vary considerably from one country to  
another, clearly such fuels will not be adequate to  supply energy requirements 
for many years at reasonable cost. 

1.40 Another aspect of such energy-resource conservation is concerned 
with the need to  make use of fertile nuclear materials, such as 2 3 8 U  and 
thorium, rather than depend entirely upon naturally occurring fissile material. 
World energy needs are accelerating rapidly with electric power generation 
doubling about every 10 years in the United States. Although various projections 
have been made of the proportion of this growth expected from nuclear power, 
uranium-ore requirements can be estimated if an anticipated light-water-reactor 
capacity of about 150,000 Mw(e) by 1980 is realized. As discussed in Chap. 7, a 
requirement of about 260,000 tons of U ,08  is anticipated, which is greater than 
the assured U.S. reserves at $ 5  t o  $10 per pound. With consideration of 
uncertainties in the projections, it .seems clear that breeding reactors must share 
part of the load if nuclear fuels are to  make a major contribution toward 
meeting the energy needs estimated for the United States. 

1.41 At present there is little economic incentive for reactors designed for 
the more efficient utilization. Furthermore, in many countries such as the 
United States, where fossil fuels are comparatively adequate, there is little 
pressure from the conservation viewpoint alone to promote use of nuclear fuels 
instead of fossil fuels. Since the need does exist for a logical pattern of growth 
that will result in the efficient use of nuclear-fuel resources to  meet future 
energy requirements, the necessary encouragement and planning for such a 
pattern becomes part of a national program. 

1.42 On a long-term basis, however, an economic incentive for developing 
breeder reactors has been demonstrated by a cost-benefit analysk8 A number of 
studies were made with varying parameters to  compare the benefits accrued 
from an economy with a breeder with those from an economy without a 
breeder. A breeder economy saves in uranium-fuel costs, particularly considering 
the rising cost of ore as lower cost reserves are depleted. Another saving is in the 
cost of enrichment. With reasonable interest rates, the dollar savings anticipated 
some years hence if a breeder economy is available can be converted to  
present-day dollar values ( 8  2.24) and compared with the cost of developing such 
reactors. Such a comparison shows that the savings to  be realized tend to be 
greater than the estimated cost of development. 

1.43 For some countries without adequate conventional fuel resources, 
nuclear fuels offer a way to  self-sufficiency. Even if the country in question has 
no nuclear-fuel mineral resources, the long lifetime and comparatively low 
weight of a nuclear reactor core, compared with an equivalent amount of coal or 
oil, can provide some strategic advantages. A fuel supply not dependent on long 
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supply routes that could be vulnerable under wartime conditions may be 
important. The United Kingdom’s nuclear power program, for example, received 
encouragement after the Suez crisis in  1956. 

1.44 National policies on nuclear weapons can affect nuclear power 
programs in two rather opposite ways. Should a nuclear disarmament program 
become effective, civilian nuclear power is a means of recovering some of the 
financial investment in weapon fissile materials and associated production 
facilities. If a country is seeking t o  build up its weapon capabilities, nuclear 
facilities of various kinds may allow production of nuclear power as a 
by-product effort with economic benefits and may thus strengthen the overall 
program. 

1.45 An active nuclear program may receive encouragement in order to  
promote national prestige. Both prestige and economics may be involved in the 
desire of a given country t o  export reactors, components, and materials. Such 
export is possible, of course, only if the country has a strong program. 

1.46 Certain secondary economic benefits, from the national-god view- 
point, may result from the encouragement of a nuclear power industry. For 
example, in an economy where a choice is t o  be made between the use of 
nuclear fuels and either oil, gas, or coal, competitive pressures tend t o  encourage 
technological advances, which, in turn, can lead t o  lower costs for all fuels. We 
can appreciate the “stakes” involved in deciding the type and location of a new 
power plant of the size now frequently considered when we realize that a market 
for 1 t o  4 million tons of  coal per year or its equivalent in some other fuel may 
be involved. In the lifetime of a plant, this could represent a total value of the 
order of a half billion dollars. The substantial competitive pressures involved, 
therefore, can lead t o  savings for the consumer which, in turn, represent an 
economic benefit t o  a nation. 

AIR POLLUTION 

1.47 Growing public concern over air pollution has encouraged the choice 
of nuclear-fuel plants instead of fossil-fuel plants in urban areas planning new 
electrical generating capacity. In most areas power plants must comply with new 
regulations prohibiting smoke emission.’ Although modern, efficient fossil-fuel 
plants no longer emit a significant amount of unburned carbon, “fly ash” must 
be removed from the flue gases. Various mechanical devices, such as cyclones 
and electrostatic precipitators, can reduce particulate emission by over 99%. 
Costs for such devices vary from about $14 per kilowatt for a 360-Mw(e) plant 
to  less than $ 1  S O  per kilowatt for a modem 950-Mw(e) unit. This corresponds 
t o  a power-cost increment between 0.2 and 0.02 mill per kilowatt-hour. Since 
nuclear power plants cause n o  air pollution, the economic increment may be 
significant, particularly for smaller size plants. 
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1.48 Much more significant, however, is gaseous air pollution from fuel 
combustion, which cannot be removed at a reasonable cost. In the Los Angeles 
area, for example, where a major cause of smog is derived from sulfur oxides 
from liquid fuels, steam-electric plants have had t o  switch t o  natural gas during 
the 7-month period from April to  November, when weather conditions lead to 
the greatest smog formation. 

1.49 For a suggested ground-level-concentration limit of 0.1 ppm of sulfur 
.oxides, coal must contain less than 1% sulfur. Since only 10% of the coal used in 
power plants meets this standard, there is a substantial interest in developing 
economical processes for removing SO2 from flue gas. One method, the alkalized 
alumina process, adds a cost penalty equivalent t o  about $1.00 per ton of coal 
burned, provided credit can be obtained from the sale of sulfur or sulfuric acid 
by-product.' Since coal has a value of the order of $8 per ton, the additional 
$ 1  charge represents a severe cost burden when nuclear. fuels are being 
considered on a competitive basis. 

1.50 Tall stacks can reduce the level of  air pollutants at ground level. Since 
this approach does not limit emission t o  the atmosphere or prevent the 
dispersion to  the ground from a plume many miles from the tall stacks, it is not 
really a satisfactory solution t o  the air-pollution question. 

1.51 The preceding comments indicate how the air-pollution question can 
contribute t o  a decision t o  use nuclear fuel. Actually, the subject of air pollution 
and the choice of a suitable fuel t o  meet air-control standards involve many 
factors in addition to  those mentioned, particularly those concerned with the 
selection of a site. Acceptable air-quality levels can vary at different locations. A 
trade-off between energy-transmission costs and pollutant-removal-process costs 
may therefore also affect a fuel choice. 

1.52 The reliability of  the fuel supply is very important in a decision for a 
new power plant. In recent years, for example, many utilities have been unable 
to obtain desired long-term contracts for coal. Coal shortages have resulted from 
a combination of circumstances, including a lack of labor, some reluctance by 
operators to  open new mines, and uncertainties about the sulfur problem. Such 
uncertainties tend t o  provide an incentive for utilities t o  choose nuclear fuel. 

HEA T-DISSIPA TION CONSIDERATIONS 

1.53 A major consideration in selecting a site for either a nuclear-fuel or a 
fossil-fuel power plant is the effect on the environment of the heat that must be 
dissipated in the thermodynamic cycle. For  example, the discharge of condenser 
cooling water can cause temperature changes in receiving waters which might 
affect aquatic life. Allowable temperature changes are generally specified as part 
of water-quality standards enforced by individual states. 

NUCLEAR POWER PROJECTS 13 



1.54 The effluent from power plants in the lOOO-Mw(e) size range may well 
cause temperature changes in some major streams during summer months which 
exceed the quality standards. I t  may therefore be necessary to  include cooling 
towers or cooling ponds in the design, which, of course, adds to  the capital cost. 
Such design considerations associated with the site are discussed in Chap. 6. 

1.55 Light-water nuclear plants have a thermodynamic efficiency of about 
32% compared with 40% for a fossil-fuel plant. It is therefore necessary to 
dissipate about 42% more energy as heated condenser cooling water from the 
nuclear plant than from the more thermally efficient fossil-fuel plant for the 
same electrical output.  When the choice between a nuclear-fuel and a fossil-fuel 
plant is on a near-equal basis from other considerations, the heat-dissipation factor 
may therefore result in a decision for the fossil-fuel plant. Nuclear plants using 
high-temperature reactor coolants, such as liquid metals, helium gas, or molten 
salts, however, are as thermally efficient as modern fossil-fuel plants and hence 
dissipate no more energy t o  the environment. 

D E S I G N  P A R A M E T E R S  

DESIGN-PA RAMETER INTERPLA Y 

1.56 The design of a power plant is affected by many parameters that 
operate in many interrelated ways. I t  is common to  have trade-offs where the 
beneficial effect of a change in one parameter is offset by a detrimental effect of 
an accompanying change in another parameter, with a need to reach a design 
compromise. Although several areas of concern, such as economics, heat 
removal, safety, and the fuel system, are treated in subsequent chapters, it is 
useful to  first become acquainted with the nature of some of the common 
interplays. 

1.57 Although each reactor concept presents a different framework for the 
interplay of design variables, it  is helpful to consider in general classifications 
some of the variables that can be considered semi-independent in the sense that 
the designer has some freedom to  adjust them. The degree of dependency, 
however, will vary from one concept t o  another. A few general types of design 
choices are given in the following sections as an introduction t o  some 
specific-concept examples. 

Fuel-Moderator-Coolant Combination 

1.58 Although in some cases the choice of the fuel-moderator-coolant 
combination is made when the concept is selected, in other cases some options 
may be available. At any rate, it is well to recognize how a choice will affect 
other parameters. The nuclear and physical properties of a moderator-coolant 
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introduce a “package” of design features that the experienced engineer will bring 
to  mind when considering various possibilities. For example, the moderator-to- 
fuel ratio for a D,O-moderated system will be much larger than that for a 
light-water system, primarily because of low D2 0 neutron absorption. Other 
parts of the package include the possibility of a pressure-tube core as a result of 
the large fuel-pin pitch and the good neutron economy with need for only very 
slightly enriched fuel, which, however, is capable of only low burnup. Similarly, 
the choice of  coolant has a marked effect on the choice of other materials, the 
heat-removal-system parameters, and many details of the core design. 

Structural Materials 

1.59 Corrosion and other performance limitations of structural materials 
selected for the system are likely t o  affect pressure and temperature specifica- 
tions and, indirectly, the power density. An important design limitation for 
pressurized-water-reactor pressure vessels, for example, is the fast-neutron dosage 
that can be accepted without undesirable changes in the mechanical properties 
of the steel. Although structural materials are normally specified t o  meet design 
requirements that have been established from other parameters, some compro- 
mise may be possible by  adjusting these requirements to accommodate materials 
that may be preferred because of cost, fabricability, etc. 

Core-Lattice and Thermal-Transport Parameters 

1.60 The fuel-to-moderator ratio is an important physics design parameter, 
particularly in light-water-cooled and -moderated reactors, which tend t o  be 
somewhat epithermal. In such reactors, increased moderation will increase 
reactivity for a given fuel enrichment. The degree of fuel subdivision, or fuel-rod 
diameter, normally has a strong effect on the core power density obtainable 
since i t  determines the ratio of fuel volume t o  fuel-element surface area available 
for heat removal. Similarly, the coolant cross-sectional area through the core, 
fixed by the fuel-to-moderator ratio if the moderator is also the coolant, has a 
marked effect on the heat-removal-system circulation specifications, although 
for a given nonboiling-reactor power level the product of the core temperature 
rise and coolant circulation rate remains constant. Consideration must also be 
given t o  the core pressure drop, heat-transfer coefficient, etc., which, of course, 
are sensitive to the coolant velocity and, in turn, t o  the cross-sectional area. 

Neutronics Parameters 

1.61 Any one of a number of parameters that affect the neutron balance 
can contribute t o  the transient and steady-state reactivity and flux distribution. 
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Most of these, however, are not  independent and therefore need not  be 
considered as separate variables. A fuel enrichment is required to  achieve 
criticality under the conditions that may have been established with the fixing of 
heat-removal requirements etc. The principal design challenge therefore tends t o  
be the neutron-behavior description rather than the parameter choice. Local 
enrichment in the core, however, may indeed vary with the degree of power 
flattening desired and the fuel burnup obtained. The possibility of several 
fuel-management schemes also introduces some design flexibility in the selection 
of neutronic specifications. 

Safety Parameters 

1.62 Since a reactor design is acceptable only if it meets established safety 
standards, parameters associated with these standards may indeed prove to  be 
the independent variables that fix the design. Transient characteristics are 
particularly important. Permissible excess reactivity for a water-moderated 
reactor, for example, may limit available burnup and establish limits for 
fuel-management specifications. For a large fast reactor (see Chap. S), the need 
for a combination of  reactivity coefficients and thermal-hydraulic character- 
istics may establish important limits t o  the nature of the fuel specified and the 
acceptable configuration of the core. 

1.63 The safety standards consist of a combination of criteria, codes, and 
regulations as described in Chap. 6. In the United States, reactor projects must 
be approved by licensing authorities who must be convinced that the facility will 
not result in hazard t o  the health and safety of the public.' ' Various criteria 
have been established in the course of numerous reactor licensing reviews which 
may serve as guides for the designer. In addition, codes, such as the American 
Society of Mechanical Engineers code, which applies to  pressure vessels, and a 
series of industrial standards compiled by the American National Standards 
Institute provide design criteria.' 

EXAMPLES OF PARAMETER INTERPLAY 

1.64 As a further introduction t o  the interdependency of parameters, let us 
consider a few examples of design characteristics for specific reactor concepts. A 
discussion of  some of  the effects in light-water-moderated systems, heavy-water- 
moderated advanced converters, and sodium-cooled fast reactors covers an 
adequate range for the present purpose. For  each concept the preceding 
interplay classifications are considered. All the effects pertinent for each concept 
are not discussed here. Only a few of the topics important t o  the designer are 
mentioned. Furthermore, it is assumed that the reader is familiar with the 
general characteristics of the concepts. 
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Pressurized Light-Water and Boiling-Water Reactors 

1.65 The properties of available structural materials place an important 
limitation on  the maximum thermodynamic cycle temperature, which, in turn, 
limits the thermodynamic efficiency for the usual water-cooled system. As an 
example, the maximum system pressure and temperature are determined by 
pressure-vessel design limitations. For fuel material, the available burnup could 
be limited by  either the ability of  the fuel t o  withstand irradiation or reactivity 
changes that may be acceptable. Actually, an optimum fuel lifetime can be 
determined by an analysis of fuel-cycle economics (Chap. 7). 

1.66 The moderator-to-fuel ratio can be considered both a core and a 
neutronic parameter. If the moderator is also the coolant, the power density 
obtainable in the core depends on this parameter as well as on the degree of fuel 
subdivision. The degree of subdivision can be considered a second important 
lattice parameter. As the fuel-element diameter is decreased, the surface-to- 
volume ratio is increased, tending t o  give a high power density and specific 
power but  an increasing fabrication cost. 

1.67 The cladding design affects the thermal design of the fuel element, the 
neutronics of the core, and, t o  some extent, fuel utilization. For high-burnup 
fuels (>3 at. %) generating significant amounts of fission-product gases, 
containment of the gases by the cladding must be considered. Though perhaps 
better categorized under “materials,” cladding interplays strongly with the 
preceding factors. Optimization is again possible. In a choice between stainless- 
steel and zirconium-alloy cladding, for example, the zirconium absorbs fewer 
neutrons parasitically but is more difficult t o  fabricate than stainless steel. In the 
past stainless steel has been the preferred material because of lower cost and 
better-understood characteristics. 

1.68 The thermal transport parameters of the light-water-reactor core are 
similar to those for other reactor concepts. Previous mention of some of these 
emphasizes a strong interplay with other parameters. The power density, for 
example, a parameter of much economic significance, is normally limited by 
either “burnout” (Chap. 4) or the volumetric heat-generation rate permissible 
within the fuel element. Although the characteristics of the materials used 
determine the maximum temperature that can be tolerated, the temperature 
pattern itself is very sensitive t o  the diameter of the fuel, the temperature of the 
coolant, and the fluid heat-transfer coefficient. The temperature and flow 
characteristics of the coolant through the core therefore affect the power 
density. 

1.69 The desire for a maximum coolant velocity past the fuel-element 
surface, which would tend t o  give a high surface heat-transfer coefficient, must 
be compromised since the coolant pressure loss (or pumping power) is generally 
proportional t o  the square of the coolant velocity. Another important factor, 
however, is the coolant temperature rise through the core, which depends on the 
mass flow rate. For a large pressurized water reactor, water velocities are 
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normally in the range of  15 t o  20 ftlsec, corresponding t o  a total pressure loss 
across the reactor vessel of about 50 psi. 

1.70 For a given amount of power to  be extracted from the core, the 
coolant circulation rate (and pumping power) is likewise inversely proportional 
t o  the permissible temperature rise of the coolant while passing through the 
core. In this case the maximum temperature depends on the limits imposed by 
the materials used. A low inlet temperature, desirable t o  reduce coolant flow, is 
governed by the compromise in cycle thermodynamic efficiency that is 
considered acceptable. Although details of cycles vary, the higher the tempera- 
ture of extraction from the fuel to  the coolant, the higher is likely t o  be the 
thermodynamic efficiency. 

1.7 1 Bear in mind that the importance of attaining a high thermodynamic 
efficiency is derived not  only from the need t o  extract as much useful energy as 
possible from a given amount of fuel consumed, as for fossil-fuel reactors, but 
also from the desire t o  minimize the capital costs required for thermal-power 
capacity t o  obtain the desired electrical capacity. A lower capital cost would not 
result, however, if increased temperatures required more-expensive materials and 
engineering features. Another important aavantage of a higher thermodynamic 
efficiency is a decrease in the waste heat dissipated to  the environment. 

1.72 The neutronic, or physics, parameters affect the degree of fuel 
enrichment needed, which, in this case, is considered a dependent variable. Both 
the moderator-to-fuel ratio and the actual fuel diameter are important in 
establishing the so-called U infinite resonance integral, which affects the 
plutonium production rate. This, in turn, is significant in evaluating the 
fuel-cycle costs. 

1.73 The reactivity, or “worth,” associated with the coolant is important in 
the transient and safety analysis. The variation of neutron flux, both as a 
function of core geometry and fuel depletion, is a neutronics parameter that has 
a marked effect on the maximum-to-average power ratio in the core. Since the 
thermal power is normally limited by the maximum power conditions, this 
parameter has a major effect on power costs. 

1.74 Any reactor is acceptable only if it can meet established safety 
standards. All previously mentioned parameters should be evaluated from the 
viewpoint of safety requirements. A water reactor, fueled with zirconium alloy 
or stainless-steel-clad U 0 2 ,  has characteristics requiring special attention. 
Between the cold, shutdown condition and various operating modes, a large 
amount of reactivity is normally present, compensated by control rods or other 
methods. The design of a control system and the possibility of loss of coolant 
flow must therefore receive considerable attention. 

1.75 Depressurization of the primary circuit must be analyzed and a 
containment structure designed accordingly. Such design criteria will be treated 
in greater detail in Chap. 6. For present purposes, however, the interplay of 
safety considerations with all the other design parameters should be recognized.’ 
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D20-Moderated Reactors 

1.76 In examples of design-variable interplays and parametric effects 
mentioned here, the reactor concepts moderated with D 2 0  but cooled with 
D,O, organic coolants, or gas are considered as a single category.,Some major 
engineering differences are involved, of course, between one concept and 
another, depending on the coolant chosen. The main reason for using DzO as a 
moderator is t o  provide good neutron economy with a resulting high conversion 
and efficient fuel utilization. When design parameters are considered, therefore, 
neutron-economy effects are emphasized. Core materials are therefore limited t o  
low neutron absorbers, such as aluminum and zirconium, for fuel cladding. The 
“boundary conditions,” as determined by the structural, temperature, chemical, 
and radiation limitations of such materials, may therefore differ markedly from 
those for other types of reactors. 

1.77 The excellent moderating ratio of heavy water permits.either natural 
uranium or very slightly enriched uranium t o  be used as a fuel in a reactor having 
a much smaller core than that for a graphite-moderated system. Since keeping 
the Dz 0 moderator cooled enhances the neutron economy, most designs provide 
for the separation of coolant and moderator. However, this separation of a hot 
and cold fluid using only low-neutron-absorber materials is an engineering 
challenge. In one approach pressure tubes contain the coolant. 

1.78 Although many of the general features of core design are similar to  
those of light-water reactors, a very large moderator-to-fuel ratio for heavy-water 
systems provides space for comparatively large-diameter fuel-pressure-tube con- 
struction if desired. Thermal transport variables, though similar to  those described 
for light-water reactors, of course depend on the characteristics of the coolant 
specified in the concept. For the gas-cooled reactor, heat must be removed at the 
necessary high rate without undue expenditures of energy t o  circulate the 
coolant. Here the pressure of the coolant gas tends to  be an important 
heat-transfer variable not present in systems with liquid coolants. The degree of 
pressurization is also important in water-cooled systems, but it affects the design 
in a different manner. 

1.79 Neutronics, or physics, parameters are concerned with variables that 
influence the reactivity or neutron balance. An interplay exists between the 
burnup, the arrangements for flattening the flux, and the fuel enrichment. The 
enrichment lends itself t o  optimization, taking into consideration the cost of an 
incremental amount of  enrichment, balanced against the advantage of longer fuel 
exposure or a smaller reactor volume or both. A small volume reduces structural 
expenses, particularly those associated with the containment vessel. On the other 
hand, an increase in reactor volume, with the necessary increase in capital 
investment, is likely t o  decrease the required fuel enrichment, with consequent 
savings, since the larger volume has an improved neutron economy. The 
optimization depends on lattice parameters, i.e., the moderator-to-fuel ratio, the 
cross-sectional area of the fuel element, and the average temperature of the 
moderator. On-load refueling, a feature of D2 0-moderated reactors, must be 
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considered in planning the fuel-element spacing. As for other concepts, a 
fuel-management scheme must consider depletion, control, enrichment, neutron 
balance, and economic parameters. 

1 .SO Safety considerations introduce practical limits t o  the permissible 
range of many of the preceding variables. Questions of stability depend on the 
choice of coolant. For example, the coolant-void coefficient may be positive for 
an organic-cooled system. In any case, stability factors depend on the complex 
interaction between a number of variables, including the reactivity coefficients, 
coolant-channel hydraulics, and pressure control in the steam system. 

Fast Sodium-Cooled Reactors 

1.81 Let us consider here a large, sodium-cooled fast breeder reactor with 
ceramic fiiel. Since fast reactors are justified primarily for their breeding 
potential, design parameters affecting fuel economy are extremely important. 
The need for a chain reaction using fast neutrons, however, introduces some 
unique problems. 

1.82 Preventing the degradation of the neutron spectrum becomes impor- 
tant in the choice of core materials. Since the fertile material normally used, 
2 3 8 U ,  has a large inelastic scattering cross section, its presence, desirable for fuel 
utilization as a source of  bred fuel, leads t o  a reduction in neutron energy, with a 
corresponding reduction in the neutrons available for the breeding process. A 
fairly high atom concentration of fissile material must be used since the fission 
'cross section is low at  high neutron energies. Therefore high power densities are 
usually required t o  conserve valuable fissile atoms. An ideal coolant, therefore, 
must have excellent heat-transfer properties, must be nonmoderating, and must 
not affect the neutron economy. 

1.83 Fast reactors having the most favorable economics tend to  be large in 
size and t o  have large, dilute cores. Safety and stability considerations for such 
systems are very different from those for thermal reactors. Accidental fuel 
consolidation must be avoided since a dilute system may contain much more 
fissile material than that required for a critical mass in compact geometry. The 
analysis of kinetic behavior is complicated by  short neutron lifetime, differences 
in' neutron yield, and nonlinear contributions t o  reactivity feedback. Since a 
reactor must be safe t o  be acceptable, the most significant design interplays are 
associated with the need t o  satisfy safety requirements and yet obtain a 
satisfactory low-cost fuel cycle. 

1.84 The transient characteristics of large-core plutonium-fuel fast reactors 
depend on  two important parameters, the Doppler coefficient and the 
sodium-void coefficient, as described in Chap. 6. In the case of the Doppler 
coefficient, broadening of fission resonances in fissile materials increases the 
reactivity, whereas broadening of capture resonance in both fissile and fertile 
materials decreases the reactivity. For  large fast reactors, in which the ratio of 
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2 3 8 U  t o  2 3 9 P u  is high, the broadening, with temperature increase of the fuel, 
results in a significant negative value for the Doppler reactivity coefficient and 
hence an enhancement of a feedback term leading to reactor stability. 

1.85 The sodium coolant both scatters neutrons and moderates them. The 
reduction in sodium density with an increase in temperature decreases the 
scattering effect and thus increases neutron leakage from the core and reduces 
the reactivity. The accompanying loss of neutron moderation, however, leads t o  
a more reactive situation since fewer neutrons are scattered below the 2 3 8 U  
fission threshold. 

1.86 Although fuel costs depend on a number of parameters, the fissile 
(plutonium) fuel inventory and the breeding gain are the most significant. A 
large fuel inventory is costly, although replacement of the fuel by breeding, as it 
is consumed, lowers the costs. For very large cores with low leakage, the core 
may be diluted with such a large amount of fertile 2 3 8 U  that the internal 
breeding ratio may approach unity. 

1.87 A fuel material, therefore, must be selected in view of its effects on 
the Doppler and sodium-void coefficients, the breeding ratio, lifetime in the 
core, and fabrication costs. As in other reactor types, the core lifetime has an 
important effect on the fuel-cycle cost. Mechanical, physical, and chemical 
characteristics also have a marked effect on the core design and on the thermal 
transport system, similar t o  other reactor situations. There is greater freedom in 
the choice of structural materials, however, for fast reactors than for thermal 
reactors, because of the generally higher concentration of fissile material and the 
trend of all materials t o  have small capture cross sections at increased neutron 
energies. This permits long irradiation times for the fuel, with the possibility of 
generally severe environments, from the materials viewpoint. In fact, swelling of 
fuel cladding and other core components due t o  fast-neutron irradiation can 
cause serious dimensional changes of great concern t o  the designer. 

1.88 The disposition of fission-product gases generated in the fuel element 
becomes a problem as long irradiation times become possible. I t  has been 
suggested that the fuel be vented t o  the sodium coolant to  solve the otherwise 
intolerable stress conditions in the cladding if the accumulated gases are 
contained. 

1.89 Fast reactor core-design parameters are concerned principally with the 
interplay between fuel-element thermal-design details and the thermal-transport- 
system variables. High heat fluxes are usually an objective but may be limited by 
cladding thermal stress and unacceptably high temperature gradients in the fuel. 

1.90 The use of a liquid metal, such as sodium, for a coolant leads to 
possible mass transfer from stainless-steel constituents t o  the sodium at 
temperatures above 1200"F, particularly if the oxygen content of the sodium is 
not maintained at a low level. Coolant-system parameters also include the usual 
balance between core temperature rise and circulation rate. Since pressurization 
is not a problem, however, a core temperature rise as great as 400°F may be 
suitable, compared with a 50°F rise for a water-cooled system. The severe 
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activation leading t o  2 4 N a  does lead t o  a requirement for primary-system 
shielding, however. 

I .91 Fuel-cycle parameters are worthy of special mention. Refueling 
methods must be uncomplicated t o  avoid lengthy shutdown periods and 
technical complications. The need for handling fuel elements safely under 
sodium, with the ever-present danger of melting from decay heat from the 
previous high-power-density exposure, is a substantial design challenge. Also, the 
fuel-element design should not necessarily complicate subsequent fuel-processing 
operations. 

1.92 In addition t o  neutronics parameters, which contribute t o  the Doppler 
and sodium-void effects, other important parameters include those which 
c o n t r i b u t e  to p o w e r  f la t ten ing  a n d  to various c o n c e n t r a t i o n  a n d  spectral  e f fec ts  
that could change the breeding ratio, inventory, and fuel-management scheme. 
In fact, the essential design challenge for fast power reactors is t o  achieve a 
compromise between parameters which improve fuel economics at the expense 
of favorable Doppler and sodium-void effects and those which have the opposite 
effect. 

1.93 Safety questions are an important part of fast reactor design. The 
various transient effects must be provided for in both the engineering and the 
nuclear designs. Since substantial heat is emitted by the high-power-density fuel 
elements after shutdown, emergency-cooling capability must be provided, a 
requirement that complicates the coolant-system design. Parameters that could 
affect the consequences of an unlikely accident should be considered and such 
information included in the overall design picture. 

CONCLUSION 

1.94 A reactor system is quite complex, with design parameters interacting 
in ways that challenge analysis. The designer must accept this challenge and 
consider all effects resulting from the combination of parameters that he selects 
for his system specifications. It is emphasized that the preceding examples are 
not complete, but  they d o  indicate the nature of the design challenge. 
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INTRODUCTION 

2.1 Cost parameters play a key role in the design of nuclear power plants. 
Although special types of nuclear power systems may be designed for 
propulsion, space-vehicle energy sources, process heat, etc., the requirements for 
central-station electrical generating plants currently predominate and are 
emphasized here. Since the type of ownership also affects the influence of 
economics on design, the investor-owned utilities, which predominate in the 
United States, as shown in Table 2.1, also are emphasized here. 

2.2 The operating economics of an electrical utility company is very 
complex, and the analysis of costs associated with meeting different types of 
power requirements for a variety of customers is important in the determination 
of This phase of electric utility econotnics, however, is of only 
secondary importance to the designer of the electric generating plant. On the 
other hand, a number of interrelations between the electrical-load requirements 
and the financial structure of the company affect capital costs and are important 
to  the reactor-plant designer. Therefore only the features of electric utility 
economics that play a major role in the design of the generating station are 
considered here. 

2.3 Many economic considerations important to  the nuclear-power-plant 
designer are those which also frequently apply t o  engineering projects in general. 
Therefore some description of engineering economics principles is included in 
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TABLE 2.1 

Private and Public Electrical Utility 
Capital Spending 

Classification Percent 

Investor-owned companies 16 
Cooperatives 2 
Federal agencies 12 
Public power districts, 10 

municipal and state projects 

Total 100 

this chapter as background material for a subsequent discussion of electric utility 
operational economics pertinent to the design of the system. 

NATURE OF ELECTRIC UTILITY SYSTEMS 

INTRODUCTION 

2.4 Public utilities differ from the usual business enterprise in that they do 
not have direct competition but they must provide service to  all who apply in 
their area of operation. For example, it would clearly be uneconomical, and 
indeed wasteful, for two or more electrjc utility companies to compete with one 
another in a given area, providing a duplication of lines etc. Regulation, usually 
by state government, is substituted for the pressure of competition to provide 
customer service at reasonable cost. 

2.5 Because of regulation, both by state commissions and by federal 
agencies, many of the economic practices of the company are subject to public 
scrutiny, and the necessary rulings are subject to  review by the courts. An 
approved rate structure is therefore the result of a rather complicated economic 
analysis that considers the costs, the need for a fair return, and the details of 
various customer requirements. Many of the unique economics features of 
electric utility companies are associated with this combination of public 
regulation and service t o  a variety of customer types. Table 2.2 lists the classes 
of service and the energy-generation percentage for each. 

2.6 The actual generation of electricity in a power plant constitutes,only a 
portion of the effort expended by an electric utility company. In addition to the 
generating activity, the operation of an electric utility includes a bulk 
transmission system in which substantial energy is transmitted at  high voltage to  
large-size users or other load.  centers, a secondary distribution system, and 
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TABLE 2.2 

Electric Service Classes 

Class of service Percent 

Residential 30 
Commercial 21  
Industrial 45 
Other 4 

Total 100 

TABLE 2.3 

Electric Utility Cost Functions 

Functions Percent 

Production system 55 
Bulk transmission system I 
Secondary distribution system 2s 
Customers’ activities and sales 6 
General administration I 

Total 100 

substantial efforts associated with customer billing, customer relations, and 
general administration. Table 2.3 gives an indication of the cost requirements for 
these various functions. 

2.7 The nuclear engineer is concerned primarily with the reactor portions 
of the nuclear power plant. This necessary nuclear engineering activity 
constitutes less than half the overall engineering effort required for the entire 
power plant. Energy production, in turn, is responsible for only about half the 
operating expense of the utility company. However, design decisions by the 
nuclear engineer involve expenditures of inany millions of dollars since the 
electric utility industry is of considerable economic importance and has a 
substantial growth rate. 

2.8 Plant investment in the United States represents about 2% of the 
national wealth, and gross revenue is about 5% of the total U. S. value added by 
manufacture. The growth rate each year amounts to  about 8%. Projected growth 
values and an estimate of energy sources3 are shown in Table 2.4. 

2.9 Coal accounts for about 65% of the electric energy production from 
thermal sources,whereas the cost of the coal itself accounts for about 35% of the 
total cost of producing electrical energy from coal-fired steam-electric plants. 
Since coal mining is still labor intensive despite much mechanization of mining 
in recent years, the cost of producing power from coal-fired generating plants 
can be appreciably affected by rising labor costs. 
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TABLE 2.4 

U.S. Electric Utility Requirements and Supply,* 1965-1990 

1965 1970 1980 1990 

Energy requirement, lo9 kw-hr 
Peak demand, lo6 kw 
Total installed 

capacity, lo6 kw 
Hydroelectric capacity, 

lo6 kw 

Pumped-storage 
capacity, lo6 kw 

Internal-combustion and 
gas-turbine capacity, lo6 kw 

Fossil-steam capacity, lo6 kw 
Nuclear capacity, lo6 kw 

*Excludes Alaska and Hawaii. 

1.06 
188.0 
236.1 

41.7 

1.3 

4.9 

187.5 
0.7 

1.52 
277.0 
344.0 

51.4 

3.6 

16.2 

261.2 
11.6 

3.07 5.83 
554.0 1051.0 
668.0 1261.0 

68.0 83.0 

24.0 65.1 

27.0 42.0 

399.0 562.0 
150.0 509.0 

TABLE 2.5 

U.S. Electric Utility Power Projections Relating 
to Population and Consumption 

Estimated for Projected 
for 2000 1950 1968 1980 

~~ 

Population, millions 
Total power capacity, lo6 kw 
Kilowatt capacity/person 
Power consumed/person/year, 

Total consumption, 

Nuclear power capacity, 

Nuclear power capacity, 

kw-hr 

kw-hr 

lo6 kw 

% of total 

152 
85 
0.6 
2000 

325 

0 

0 

billion 

202 
290 
1.4 
6500 

1.3 

2.7 

< I  

trillion 

235 
600 
2 
11,500 

2.1 

150 

29 

trillion 

320 
1352 

-25,000 

-8 

94 1 

69 

-4 ‘4 

trillion 

2.10 The projected large increase in U. S. electrical needs is due to  
population growth and much greater use of electricity on a per capita basis. 
During recent years, for example, electrical air conditioning and home heating 
have been increasing major contributors to electrical-load requirements, trends 
that are expected to  continue. Table 2.5 summarizes the population and 
consumption projections. Tables 2.4 and 2.5, as well as Fig. 2.1, which illustrates 
energy-source projections, indicate trends rather than accurate values since such 
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YEAR ENDING 

Fig. 2.1 Projected electric utility generating capaclty. 
..;: 

estimates tend to  change from year t o  year in response to  changing economic 
conditions. 

SYSTEM SIZE 

2.11 The size of a system is an important design parameter since it 
determines the size of the individual generating unit that can be accommodated. 
Large units are normally preferred since the capital charges for such units 
expressed on a unit-power basis tend t o  be less than capital charges for smaller 
units ( 8 3 . 3 3 ) .  The size of a given unit, however, is limited by the need to  meet 
the varying demands of the system and yet provide adequate reserve capacity for 
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emergency outages, scheduled maintenance work, fuel changes, and some 
contingency. Therefore the larger the unit, the greater the reserve requirement is. 
A unique feature of the electric utility business is the requirement for providing 
a product to  the cust6mer at  any time and at  the instant he desires it. If the 
supply is not  dependable, users may complain to regulating agencies. Users of a 
large supply of electricity may also seek other energy sources or may generate 
their own. Therefore the capacity of the system must be adequate to  meet the 
maximum demand. 

2.12 In general, a given unit should constitute n o  more than 10 t o  15% of 
the total system capacity so that, when it is shut down, no serious problems in 
meeting energy demand result. Although only a few systems in the United States 
have individual capacities over 7000 Mw,* interconnections provide a means of 
improving the reliability of the power-supply systems through mutual assistance, 
and hence medium-size utilities can operate large units [lo00 Mw(e)]. The 
.United States has a number of so-called pool arrangements with a combined 
capacity in some cases as great as 40,000 Mw. However, although interconnec- 
tion arrangements do exist, the fine structure of transmission-line capacity of the 
systems involved could limit their flexibility. Furthermore, the cost of purchased 
energy required during peak-load periods may be relatively high ( 5  2.15). 

2.13 A trade-off' does occur between the cost of transmission and the 
savings realized through use of large generating plants. In addition to  providing 
flexibility for economic reasons, however, strong transmission networks now 
being built will provide a service flexibility to  prevent the recurrence of major 
power failures and to avoid localized deficiencies. Thus there is considerable 
incentive to develop lower cost methods of transmitting electrical energy. As 
discussed in Chap. 6, such costs are important in the selection of generating- 
plant sites. In fact, since environmental considerations tend t o  limit the number 
of plant sites available close to  load centers, low-cost transmission could make 
the necessary use of somewhat remote sites more economically acceptable. 

LOAD STRUCTURE 

2.14 The characteristics of the utility company's load structure4 represent 
an important design parameter for the generating plant. Load changes are of two 
types: first, changes that occur over a fairly long time period, such as hours of 
the day, days of the week, and seasons of the year, and, second, momentary 
surges that require very rapid changes in the generating capacity of the system. 
Although it is clearly the obligation of the utility company to provide service 
instantaneously as these changes in demand are made, the pooling of a large 
number of diverse requirements provides a degree of averaging. 

*Although there are about 200 investor-owned companies in the United States, the ten 
largest account for about 35% of the total capacity. 
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2.15 In a given cmlmunity a pattern is normally established for electrical 
service demands which depends on personal habits and commercial and 
industrial schedules. Variations in this pattern are generally predictable. Weather 
and other climatic conditions, however, have a marked effect on the load 
requirements. Such changes are somewhat predictable on an average basis from 
weather records. 

2.16 Although the load-structure pattern may vary from one utility 
company to  another, the daily load-variation pattern shown in Fig. 2.2 is typical. 
The system requirements are minimal during the early morning hours. A peak is 
reached between midmorning and noon, and a drop occurs toward the latter part 
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Fig. 2.2 Typical daily-load-variation curve. 
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of the afternoon. When darkness falls while offices and factories are still 
operating, an increase occurs, which can be substantial during the winter 
months. As industrial and business loads decrease in the evening, a decline 
follows and continues until the early-morning “low” is reached. 

2.17 Various other types of graphs useful for load analysis include 
integrated loads on a daily and monthly basis and, more important, the seasonal 
variation integrated on a 1-hr basis, shown in Fig. 2.3. The seasonal off-peak 
periods in spring and autumn may be useful for the planned plant shutdowns 
necessary for routine maintenance and for fuel change in a nuclear plant. The 
nature of seasonal variations, however, varies considerably from one part of the 
country to  another. In such states as Illinois, Missouri, and Iowa, for example, 
peak loads tend to  occur during the summer months as a result of air-condition- 
ing requirements. I n  neighboring Minnesota, however, the peak occurs i n  winter. 
Therefore energy exchanges between utilities serving these areas prove of mutual 
benefit. 

MONTH 

Fig. 2.3 Typical monthly-load-variation pattern. 

2.18 A load-duration curve as shown in Fig. 2.4 is useful for showing the 
probable reduction in capacity factor for an individual unit as it becomes older, 
and presumably less efficient when compared with newer units. In any system, 
units with lower incremental operating costs will be assigned a larger share of 
the available load. For a given plant some cost components are load dependent 
whereas others are not. The fixed charges associated with the plant investment 
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Fig. 2.4 Typical load-Variation curve for a 1-year period. 

lnust be paid, for example, whether or not the machine is loaded, but fuel costs 
depend on the energy produced. The change in operating expense with energy 
produced, approximately 8% of which is due t o  the increased fuel requirement, 
is known as the incremental cost. The plant that produces the most energy with 
the least expenditure of fuel is the most efficient plant and therefore tends to 
have the lowest incremental costs. 

2.19 Consider a system in which the load is divided among the generating 
units in such a manner that the total cost of operating the system is minimal. If 
the load demand is increased, a new load assignment between plants must be 
made to operate at minimum cost a t  the new level. In  a simple analysis the 
increase must be provided by the plant that exhibits the smallest increase in unit 
cost, Le., the smallest incremental cost. The various incremental loading regions 
shown in Fig. 2.2 represent the planned assumption of load requirements above 
the so-called “base” load by units having progressively higher fuel costs. 

2.20 In any load distribution, therefore, the plant with the higher 
incremental costs will be assigned load only after the plant with lower 
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incremental cost is at capacity. Consequently, new plants with lower incremental 
costs will displace older plants (see bottom of Fig. 2.4). This picture is somewhat 
idealized, however, since there will be system-capacity additions specifically 
designed for peaking service; base-load plants will therefore tend t o  retain their 
high-capacity factors. In a mixed system containing both fossil-fuel and 
nuclear-fuel plants, nuclear-fuel plants are likely to  have low incremental 
operating costs in comparison with newer fossil-fuel plants and hence remain at 
base-load service. 

2.21 Several types of operating factors are related to  the load requirements 
and are of major importance in cost analysis (53.24). A capacity factor (or plant 
factor or use factor) IS defined as the actual energy production during a given 
period divided by the energy production during the same period if the machine 
operated continuously at the manufacturer’s rated capacity. A load factor is the 
ratio of the average load during a specified time period t o  the peak load. A plant 
availability factor is defined as the ratio of the integrated megawatt-hour output 
capability for a given period to  the total rated megawatt-hours during the period. 
Planned outages for maintenance and refueling and forced outages caused by 
equipment breakdowns will decrease the availability. The availability factor will 
always be equal to  or greater than the capacity factor since a plant that is ready 
to  run may be held in reserve, depending on the load demand of the system. 
Therefore the availability factor is important in an analysis of a system’s 
reserve-capacity requirements. 

E NG I N E E R I NG ECONOM I CS PR 1 NCI P L ES 

2.22 The design engineer must have a thorough understanding of the 
economic ~ a r a m e t e r s ~ l ~  affecting the selection of the “best” path to his design 
objective. Since many nuclear engineering graduate students and practicing 
designers have not  received formal training in engineering economics, some 
background material is presented here for the subsequent discussion of 
nuclear-plant economics. 

CAPITAL 

2.23 The nature of capital funds is of considerable importance t o  the 
en’gineering designer. He may, for example, need t o  decide on a reduction in the 
required plant investment which would be compensated by an increase in other 
costs. To  analyze the effects of changes in capital requirements, he must consider 
the factors that depend on the sources of the investments. An analysis of such 
sources can be quite complex since a combination of debt (bonds) and 
common-stock equity is. normally involved along with important secondary 
effects contributed by income taxes. The “time value of money” is also 
pertinent. An introduction to  these concepts is presented here. 
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Fixed-Charge Costs 

2.24 Fixed-charge costs for engineering projects consist of the return on 
investments, income taxes, and depreciation. These are sometimes called indirecf 
charges. In addition, total costs include such nonfixed charges as operating 
expenses (labor supplies and maintenance), certain types of property taxes, and 
insurance. For power plants, particularly nuclear plants, a fuel-cost item is also 
included. For  a nuclear system, part of the fuel cost is in the fixed-charge 
category. An analysis of fixed charges is generally important in the study of 
engineering-project alternatives but tends to  be complicated because of the time 
factors involved. The accounting terms described in 52.37, such as the 
present-worth factor, are useful for the purpose. 

Capital Sources 

2.25 “Capital” funds needed for new construction, purchase of fuel, and 
other purposes are obtained from the sale of stocks and bonds as well as from 
certain internal company sources, such as depreciation-charge recoveries and 
retained earnings. The most important sources of capital are equity funds 
(stocks) and borrowed funds (bonds). Equity funds are provided by the owners, 
the stockholders of the corporation. Funds may also be obtained by long-term 
borrowing through the sale of bonds. The relation of the bond holders to  the 
corporation is quite different from that of the stockholders since bonds 
represent an agreement to  pay interest and principal on a definite basis. 

2.26 Capital funds are generally more readily available for privately owned 
public utility companies than for private industry because the necessity for rapid 
expansion is recognized. The “return on investment” is normally based on the 
results of rate negotiations with regulatory agencies, which recognize that new 
capital for necessary utility company expansion can be obtained only if the 
prospect of earnings is sufficient to attract such capital. Rates are established 
such that charges to the public are reasonable and that the earnings from the sale 
of energy cover operating expenses plus the fixed charges, including deprecia- 
tion, income taxes, and a return on the investment. The allowed return takes 
into consideration a reasonable dividend rate needed to  attract equity capital 
and to pay interest on  borrowed money. It depends on the ratio of borrowed to  
equity capital, on the past financial management of the company, and on the 
general financial market existing at  the time. 

2.27 In 1969 the typical return on investment was estimated to be 8.0%. 
The total investment was assumed to  be 52% funded debt and 48% common 
stock. These figures, which are typical of public utilities, show a much higher 
fraction of debt than is customary for so-called competitive industry. An interest 
rate of 6% was assigned to  the debt capital, and a 10% return was assumed for 
the common stock after taxes. The use of bonds for financing capital needs is 
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generally favored by utilities since the cost of such capital tends to  be lower than 
equity capital and such bonds tend to be attractive to  investors because of the 
inherent stability of a regulated company with earnings assured through the rate 
structure. An important reason for the lower cost of capital derived from bonds 
is that the interest on bonds is tax deductible whereas the funds that pay stock 
dividends are taxed. 

Effect of Income Tax 

2.28 Taxes on net income are another expense to be added to  the expenses 
for operation etc. An analysis of factors affecting the amount of tax is quite 
complex, however, since depreciation accounting and other matters are involved. 
Only some effects of the tax itself will therefore be considered here. 

2.29 Since funds to  be distributed to  stockholders as their “returns” 
(82 .26)  are considered profit and thus are subject to  tax, a substantial difference 
exists in the rate of return before taxes and after taxes. If the state regulatory 
agency determines that the allowable rate of return is lo%, for example, cost 
estimates must provide for a sufficiently higher fixed-charge rate so that, when 
the approximately 50% federal corporate income tax is applied, the desired 10% 
rate of return is still left for the stockholders. This applies, of course, only to the 
equity portion of the capital requirement and not to debt capital. Interest paid 
on bonds is, in fact, a deductible expense for income-tax purposes. 

2.30 Economic studies for regulated utility companies are somewhat 
different from those for industry. Normally a utility’s “revenue requirements” 
are made up of current operating expenses, an allowance for depreciation, 
income taxes, and an allowable return on thc depreciated book value of the 
investment. As a result, changes in requirements for capital investment which 
could reduce taxable income do not really have a saving effect, since any 
investment saving would be accompanied by some decrease in allowable 
revenues. This is quite different from the normal industrial situation where the 
price of a competitive product is based on market conditions. A considerable 
incentive therefore exists in industry to reduce all manufacturing expenses, 
including taxes. 

TIME FACTORS 

2.31 The time value of money in any economic analysis can be most easily 
expressed in terms of interest. This is true even for equity funds where a “rate of 
return” is really meant. In the broad sense, therefore, interest can be considered 
money paid for the use of other money, either borrowed or part of the equity of 
a company. The interest concept must be applied whenever time is a variable 
whether or not interest is actually paid: This concept can be applied in various 
ways. For example, capital investments in equipment may not be made at the 
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same time when the equipment is put into service or when “revenue” is 
produced as a result of the equipment purchased. Therefore interest charges 
must be added to  the investment cost. 

2.32 A somewhat different time effect occurs for plutonium produced in a 
reactor. Since this plutonium will yield revenue (salvage value) at a future time 
when the fuel is reprocessed, the bred plutonium may be carried on the books as 
an asset with interest applied t o  account for the time factor involved. Other 
approaches are possible, however. In fact, the accounting procedures for 
plutonium have not really become standardized. 

Interest Relations and Terms 

2.33 The concept of interest is very simple; it is the application of a fixed 
rate applied to a “principal” sum of money over a period of time, but a number 
of equations and special terms are useful, particularly in dealing with compound 
interest. If a sum of money, P, is invested a t  an interest rate, i ,  for a year, the 
interest earned at the end of the period is Pi. In compounding, this amount is 
added t o  the principal so that the sum invested for the second year is now P + iP 
= Si and the new interest earned at  the end of the second year is (P t iP)i, or 
more systematically, 

so = P  

S ,  = P + i P = P ( l  t i )  

S2 =P(1 +i)+Pi( l  t i )  

S2 = P( I t i)2 

At the end of n years, therefore, the total sum accumulated is S, = P( 1 + i)”. 
2.34 The quantity (1 + i)” is known as the single-payment compound 

amount factor. The reciprocal, 1/(1 t i)n, the single present-worth factor, is 
useful in finding a principal, P, that will give a required total amount, S ,  in n 
years. 

p = S  [m] 1 

P may then be considered as the present worth of the total, S ,  anticipated after IZ 

years. 
2.35 Another type of accumulation results from the investment of a fixed 

sum, R ,  at the end of each year for IZ  years. The total is the summation of the 
individual subtotals compounded over the years applicable for each payment. 

S = R  t R ( 1  t i ) t R ( l  t i)’ ... R ( l  +i)‘*-’ (2 .3)  
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where the amount R( l  + ijrZ-' is the accumulation from the payment made at 
the end of the first year and the first term, R ,  is the final payment, which earns 
no interest. 

Multiplication by (1 t i) and then subtraction of Eq. 2.3 yields 

i S = R [ ( l  +i)" - I ]  

(2.4) 

This expression is known as the uniform-atznual-series compound factor. Its  
reciprocal, i/ [( 1 + i)" - I ]  , is called the sinking-fund-deposit factor. This factor 
is used t o  determine the regular payment required to  produce a desired amount 
a t  the end of a given period of time. 

The sinking-fund concept is used in one type of depreciation accounting to  
provide for the replacement of an asset at the end of its useful life. 

2.36 A variation of this principle is the determination of the uniform 
end-of-the-year payment needed to  repay a debt. From the viewpoint of the 
lender, this is the same as making a single present investment, P, which is 
returned, with interest, as a series of end-of-the-year payments. The payment 
scheme is the same as that for the sinking-fund deposit except that the lump-sum 
payment a t  the beginning is related to the alternate accumulation, S ,  by 

S = P (1 t i)" 

Then substituting in Eq. 2.5 yields 

The final expression in brackets in Eq. 2.6 is known as the capital-recovery 
factor. It is equal to  the sinking-fund factor plus the interest rate. The reciprocal, 
which would be useful if P were expressed in terms of R ,  is known as the 
uniformseries presen t-worth factor. 

Present-Worth Concept 

2.37 In the evaluation of alternate engineering projects involving the 
expenditure of funds, incurring of costs, and receipt of revenue, all at different 
times, a systematic treatment of the effect of the time variable of money is 
useful. The value of money can be considered to change as it is moved through 

ENGINE E R I NG ECONOMICS PR lNCl PLES 37 



time. In the present, for example, money has a greater value than it would have 
at  some time in the future because it can be put to a useful purpose in the 
interim. Some of the terms discussed in the previous section are useful in  design 
comparisons involving expenditures. 

2.38 The present-worth concept, for example, provides for the shifting of 
money from one time level to another with a corresponding shift in value. If r is 
the effective earning rate or interest rate, then the present worth of 1 dollar due 
1 year in the future is I / (  1 + r ) .  This corresponds to shifting backward in time. 
Similarly, the present worth of 1 dollar invested a year previously would be ( I  + 
r ) ,  corresponding to a shift forward. In electric utility economics, it is useful to  
know the present worth of revenue requirements for future years of plant 
operation. This corresponds to  the case of the backward shift. In the case of 
simple interest (single payment), the present value, P, can be expressed as 

1 p = -  
( 1  + r),' 

where IZ  is the number of years involved. The compounding of interest results in 
the equations mentioned in 9 2.25. Present-worth tables for various compound- 
ing schemes are a ~ a i l a b l e . ~  

Example 2.1 

An electric utility is planning an orderly expansion of generation and 
distribution facilities to meet projected increases in load over the next 20 years. 
The first of two alternate plans being considered requires an initial investment of 
$60 rnilliori followed by an additional investment of $20  million at the end of 
10 years. During the first 10 years, an expenditure of $10 million per year will 
be required. This will rise to  $15 million per year for the last 10 years. Finally, a 
salvage value of $5 million is estimated at the end of the 20-year period. 

In the second alternate plan, an initial investment of $20 million is required, 
followed by additional investments of $30 inillion at  the sixth and twelfth years. 
Annual expenditures of $12 million per year are required over the 20-year 
period with no salvage value at  the end. Compare the present worths of the two 
plans on a 6% interest-rate basis. 

SOLUTION 

Millions of dollars 

Plan 1 Plan 2 

initial cost 

Additional invest inent 
1. 20(single-payment present-worth factor,* 6%, 

10 years) = 20(0.5584) 

60.0 20.0 

11.2 
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SOLUTION (Continued) 

2. 30(single-payment present-worth factor, 6%, 
6 years) = 30(0.7050) 
30(single-payment present-worth factor, 6%, 
1 2  years) = 30(0.4970) 

Annual payments 
1. 15(uniform-series present-worth factor, 6%, 20 years) - 

5(uniform-series present-worth factor, 6%, IO years) = 
15(11.470) - 5(7.360) 135.2 

20 years) = 12(11.470) 
2. 12(uniform-series present-worth factor, 6%, 

Salvage, S(single-payment present-worth factor, 670, 
20 years) = 5(0.3118) -1.5 

~ 

Totals 204.9 

*See Eq. 2.2. 

21.2 

14.9 

137.6 

193.7 

DEPRECIA TION 

2.39 Depreciation is an important component of the cost of capital. Any 
differences in calculating depreciation that affect the cost of capital are 
therefore significant to the designer. Depreciation accounting is a systematic 
approach to the distribution of tangible capital assets, less salvage value, over the 
useful life of the asset. Different methods of determining this allocatiotz can 
result in different year-by-year “charges” and, as an important secondary effect, 
significant differences in income taxes, w h c h  are a separate component of cost 
of capital. Depreciation-accounting methods may provide a uniform write-off 
during the service life, a greater write-off during the early years than during the 
final years, or a smaller write-off earlier than later. 

2.40 Although the uniform, or straight-line, method is easiest to apply, it 
fails to consider the practice of using assets for standby or “inferior” uses during 
the final years of life. This is particularly true for electric utilities where older, 
less-efficient generating units may provide only peak-load service ( 5  2.20). 
Therefore methods giving a greater write-off during early years of asset lifetime 
are important here. 

2.41 Two common methods providing for early write-off are double-rate 
declining-balance accounting and sum-ofthe-years ’-digits accounting. In the first 
method an annual depreciation rate computed as 200% of the estimated life in 
years results in a write-off of about two-thirds of the cost of an asset in the first 
half of the service life. In the second method the digits corresponding to  the 
number of years of estimated life are added together. Considering a 30-year 
asset, for example, the sum of the digits is 466. During the first year 30/466 of 
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the first cost -salvage value would be depreciated; during the second year, 
29/466; during the third year, 28/466; and so on. The charge therefore decreases 
by 1/466 each year. By this method about 75% of the depreciable cost is written 
off during the first half of the asset lifetime. 

2.42 Another method of depreciation accounting is based on the establish- 
ment of an “imaginary” sinking fund by uniform end-of-the-year deposits 
throughout the life of an asset. The accumulation, with interest, is just sufficient 
to  equal the cost of the asset less its salvage value a t  the end of its estimated life. 
The so-called book value at any time can be determined from the difference 
between the accumulation and the net cost. Since the book values tend to  be 
above the values obtained from the straight-line method, the sinking-fund 
approach tends to  give a less favorable depreciation for tax purposes than do 
methods that provide a greater write-off during the early life of the asset. A 
company can legally use one method of depreciation for tax purposes and 
another method for its own accounting. Similarly, for tax purposes the 
depreciation lifetime may be different from the “book” lifetime. The effects of 
such complications are beyond the scope of  this introductory treatment, 
however. 

ECONOMIC ANAL YSlS 

Cash Transactions 

2.43 Although many variations are used in the economic analysis of 
engineering projects, the cush-flow concept is very helpful for orientation. In 
simple terms all expenses, such as fuel purchases, interest payments, and supplies 
expenditures, are considered as cash transactions at  a specific time, whereas 
revenues are similarly considered as cash transactions in the opposite direction. 
By shifting the value of money through time by the present-worth concept, the 
entire cash-flow model can yield equivalent costs at  any specific time in the 
history of the project or provide an average cost picture for a desired time 
period. 

Direct and Indirect Costs 

2.44 In the economic analysis of engineering systems, it is often very useful 
t o  separate the so-called indirect costs from the direct costs. Direct costs are 
generally for services or materials of a cash-flow nature and include no provision 
for the time value of money or present-worth considerations. On the other hand, 
indirect costs, or fixed charges ( 8  2.24), usually include such items as (1) interest 
on borrowed money, (2) earned surplus (profit), (3) federal and state income 
taxes, (4) other taxes, and (5) other costs associated w t h  the time value of 
money. 
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2.45 The exact calculation of such costs can be quite complicated and 
would require a detailed cash-flow analysis. The relation between direct and such 
indirect costs tends to  be nonlinear. For many design purposes, however, it is 
satisfactory to treat indirect costs in a manner similar to  an interest charge on 
borrowed money whereby a fvted percentage per unit time is applied to  the 
principal sum. The rate in this case includes not only the composite cost of 
money but also an allowafice for taxes and other indirect costs that are related 
to  the investment. 

2.46 With a smple-interest approach, therefore, the indirect cost can be 
expressed as the product of the outstanding debt, an annual “interest rate,” and 
the time duration in years. The debt may vary with time, however, particularly 
with nuclear fuels. 

2.47 Figure 2.5 illustrates in simplified form the time behavior of an 
outstanding debt for one of the direct-cost components.’ In this example, N, the 
number of time periods, equals 3. The sloping line from ta to  tb approximates 

m 

I 

0’ fa ‘b ‘d 
TIME (f), years 

Fig. 2.5 Time history of outstanding debt. 

progress payments made before fuel is used in the reactor. The capital is then 
idle from tb to  tc.  Beginning at time t c ,  revenues are assumed to  be continuously 
received as the fuel produces salable energy, and these revenues reduce the 
outstanding debt t o  zero at time t d .  The indirect cost, J, associated with this 
direct-cost component is therefore 

J =  Y , i l t l  + Y 2 i 2 t 2  + Y3i3t3 

where Y is the average value of the outstanding debt during the time period, t, 
and i is the interest rate. 

Working Capital 

2.48 In addition to the investment, or “outstanding debt” associated with 
the physical plant or other major direct-cost component, an engineering project 
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requires working capital, or a working fund. This category includes the funds 
that must be borrowed to  provide cash flow to pay due accounts of the project 
before corresponding revenues are received. This working-fund investment is not 
subject t o  depreciation. In the operation of a nuclear power plant, for example, 
cash is needed to  pay for various futed charges associated with the fuel, 
particularly the cost of fabricating the core, before revenue is received. Other 
working capital is required for materials and supplies, etc., as listed in $3.66. An 
economic analysis, therefore, must include the indirect charges, or “interest,” 
associated with the working capital. 

Considerations of Capital Expenditure in Project Evaluation 

2.49 In project analysis emphasis is often given to  capital expenditures. 
Even allowing for the time value of money, we must remember that capital 
funds are by no means available in unlimited amounts. The determination of 
availability can be a rather complex matter since funds for future capital 
expenditures may come from both internal and external sources. Internal 
sources may include the charges allowed for depreciation and a certain fraction 
of the earnings that are retained rather than distributed to  the stockholders of a 
corporation. External sources include the proceeds from the sale of bonds or 
stock issues. The availability of external sources depends on many factors, 
including the financial health of the corporation and general economic 
conditions. At any rate, capital is generally considered precious, with proposed 
expenditures worthy of careful analysis. 

2.50 Two somewhat different criteria are used to  evaluate proposed capital 
expenditures. Both consider the time value of money. The present-worth 
approach is similar to  that shown in Example 2.1, where the expenditures 
required for the alternatives being considered are converted to a consistent basis 
by shifting them through time to  some reference period and using as an interest 
rate a so-called minimum rare of return. The minimum rate of return, or 
discount rate, may be taken as the overall cost of money to  the enterprise; but it 
is sometimes taken at a somewhat higher value, with the argument presented 
that the rate of return must be above the cost of the funds or there would be no 
point in the investment. Furthermore, an allowance must be made for certain 
intangible factors. In many corporations a rate of return for new investments is 
established by management.* With the use of an appropriate discount rate, the 

*In detailed analyses the effective interest rate and rate of return prove to  be quite 
complicated parameters that depend o n  such factors as income tax, the effect of issuing new 
equity shares on  the earnings of existing shares etc. Also, the engineering economist and the 
accountant may have some differences in viewpoint. Such matters are beyond the scope of 
this discussion, although some discount-factor considerations are given in 5 2.59. 
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present-worth method can be used to place proposed capital-expenditure plans 
in economic order by comparing the present value of the stream of expenditures 
with the corresponding stream of benefits (revenues). 

2.51 In the rate-ufreturn method, an iterative procedure determines the 
unknown discount rate that is needed to balance the stream of expenditures and 
benefits. I t  is similar to  the present-worth method except that now the rate of 
return, or interest rate, is the unknown quantity. The calculated rate of return 
can then be compared with the minimum rate of return to  determine how 
attractive the proposed expenditure is. The project that provides the highest rate 
of return tends to  be the most attractive when alternates are considered. 

2.52 Table 2.6 illustrates a cash-flow comparison for a project evaluation of 
proposed improvements, known as the Cascade Improvement Program (CIP), to  
the US. gaseous diffusion plants. According to  the study,' made in 1968, an 
expenditure of $477 million on the CIP during the period 1969 through 1978 
would increase the separative capacity of the three gaseous diffusion plants from 
17,213 to 22,l  12 metric tons per year. The power level, the waste assay, and the 
separative work produced, sold, and preproduced without (case 1072) and with 
(case 1073) the CIP are all described in the study but are not given here. The 
study also shows that, starting in 1976 and continuing through 1990, greater 
quantities of separative work would be sold if the CIP were installed (case 1073) 
than if it were not installed (case 1072). 

2.53 Table 2.6 gives the cash flows without the Cascade Improvement 
Program and with the CIP starting in FY 1973. Column 10 gives the differences 
in the net cash flows between these two cases. Note that there are net 
disbursements each year starting in FY 1969 and continuing through FY 1978. 
From FY 1979 through the end of the study period, there are net revenues due 
to the greater quantities of separative work being sold. 

2.54 The interest rate that makes the present worth of the cash-flow stream 
in column I O  of Table 2.6 zero is the rate of return earned on the $477 million. 
This interest rate is determined by a trial-and-error process ($2.51). In  this case, 
17.3% is the rate of return earned on the $477 million investment. This capital 
expenditure is made over a period of years and has the effect of increasing the 
net revenues in future years. In other words, the increases in the net revenues 
caused by the capital expenditure are sufficient to  (1) pay 17.3% interest on the 
unrecovered capital investment outstanding at the end of each year and (2) pay 
off the capital investment by the end of the specified period, 15 years ending in 
1990. 

2.55 During the years before additional net revenue is received, compound 
interest a t  17.3% accrues on the capital investment. The stream of annual net 
revenues then pays the interest on the unrecovered capital balance (original 
investment plus compound interest minus repayments), and the unrecovered 
balance is reduced by the amount by which the annual net revenue exceeds the 
annual interest payment. By the end of the period, the net revenues pay off in 
total the unrecovered capital balance. 
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TABLE 2.6 

Cash Flows Without Cascade Improvement Program Compared with Cash Flows 
with Cascade Improvement Program Starting in Fiscal Year 1973 

(Most Likely Requirements for Separative Work) 

Case 1072 
vs. case 1073 

Without CIP (case 1072), lo6 $ rn 
r 
rn Cascade 
0 
-I 
2 FY Revenue cost cost cash flow* 
0 

operating Capital Net 

= (1) (2) ( 3 )  (4) ( 5 )  A 
E 
< 1970 120 125 4 -9 
4 1969 

1971 182 152 3 27 
0 1972 245 178 1 66 

1973 279 214 0 65 

- f 1974 344 247 0 97 
1975 430 268 0 162 

With CIP starting in FY 1973 
(case 1073), IO6 $ 

Cascade 
operating Capital Net 

Revenue cost cost cash flow* 

(increase in 
revenue 
due to 

FY 1973 CIP 
installation),* 

lo6 $ 

120 125 
182 152 
245 178 
279 214 

344 24 7 
430 26 7 

1 -1 
12 -17 
38 -8 
47 20 
81 -16 

90 7 
78 ' 85 

-1 
-8 

-35 
-46 
-81 

-90 
-77 



rn 1976 z 
t) 1977 
z 1978 
rn 

1979 
2 1980 

1981 
m 1982 
8 1983 

- 

1984 
1985 
1986 
1987 
1988 
1989 
1990 

480 
56 1 
653 

411 
412 
448 
448 
44 8 

448 
448 
448 
448 
448 
448 
448 

270 
273 
276 

278 
276 
276 

I 
I 

I 
I 
I 
I 
I 
I 

J- 

0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

210 496 
288 579 
377 673 

133 815 
136 581 
172 575 
I I 
I I 

272 
277 
281 

284 
283 
283 

I 
I 

I 
I 
I 
I 
I 
I 
1 

68 156 
50 252 
20 372 

531 
298 
292 

I 
I 

-54 
-36 

-5 

398 
162 
120 

I 
I 

I I 
I I 
I I 
I I 
I I 
I I 
J- J- 

r 
rn 3272 485f 4599 1327 rn 

Present value (7-1-1969) of increase in revenue due to  FY 1973 CIP installation 
(column 10) at 5% = $540 million, at 7'4% = $334 million, at 17.3% = $0 million. 

Rate of return is 17.3%. 

*Disbursements are preceded b y  minus. 
tIncludes $8 million for power plant restoration and $447 million for CIP installation. 

P 
VI 
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2.56 Another approach, the present-worth method, is shown in Table 2.7. 
In this method the present worth of the annual cash disbursements and revenues 
resulting from the $477 million capital expenditure is determined at a discount 
rate, which is the minimum attractive rate of return, taken here at 576, the 
assumed cost of money to  the U.S. Government. The present worth so 
determined represents the present value of the net revenues, which are the 
annual amounts remaining after the operating costs and capital charges (also at 
5% interest) are paid. Column 2 of Table 2.7 is therefore identical to  column 10 
of Table 2.6.* Thus the present worth might be considered “profit” since it is 
the present value of the revenues which are in excess of those required to pay 
full cost of the CIP, including the cost of money. 

2.57 The annual net cash flows in column 2 of Table 2.7 represent the 
annual net disbursements (preceded by minus) and the annual net revenues that 
are realizable as a result of the capital expenditure of $477 million on the 
Cascade Improvement Program. Column 3 of Table 2.7 gives the present-worth 
factors for 5% interest, and column 4 gives the present worth of the annual net 
cash flows. A summation of the values in column 4 is therefore the present 
worth of the total stream, amounting to  $540 million. In other words, the 
present worth of the streams of net disbursements and net revenues realizable as 
a result of the capital expenditure of $477 million is $540 million when a 
discount rate of 5% is used. 

2.58 The benefits from a capital improvement have therefore been 
determined in two different ways. Additional revenues are equivalent to  a rate of 
return of 17.3% earned on the investment or, on a present-worth basis, a $540 
million gain. 

Considerations of the Discount Factor 

2.59 A picture of the interrelation between parameters that affect the 
discount factor and a unit selling price of energy for an electric utility is given in 
a simplified model developed by Vondy.’ He assumed that revenue from an 
investment over a certain period will retire all associated indebtedness as well as 
cover all costs. In actual practice, since a utility company normally increases its 
services with time and makes new investments that bring about a total increase 
in debt, the debt is not really retired. Although “retirement of debt” actually 
means “ffeeing the money for new investment,” the calculation is not altered. 
The indebtedness was assumed to  be in a fixed ratio of stock to bonds and the 
interest on bonds to  be tax deductible whereas return on stock was not. 

2.60 Although careful consideration is given here to  the payment of income 
tax, many complications, such as local taxes, are avoided to  preserve clarity. 
Since the less favorable sinking-fund method of depreciation and the more 
favorable sum-of-the-digits method add complexity, the more elementary 

*Since the CIP is being evaluated, the amounts considered are in excess of those which 
would apply without the CIP. 
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TABLE 2.7 

Present-Worth Determinations of the Cash-Flow 
Streams Caused by $477 Million Capital 

Expenditure at 5% Discount Rate 
(5% is the Assumed Cost of Money to  the U.S. Government) 

End of End of year net Present-worth Annual present 
fiscal year cash flows,* lo6 $ factor a t  5% worths, lo6 $ 

(1) (2) (3) (4) 

1969 (7-1-69) 
1970 
1971 
1972 
1973 

1974 
1975 
1976 
1977 
1978 

1979 
1980 
1981 
1982 
1983 

1984 
1985 
1986 
1987 
1988 

1989 
1990 

-1 
-8 

-35 
-46 
-8 1 

-90 
-77 
-54 
-36 

-5 

1 .oo 
0.95238 
0.90703 
0.86384 
0.82270 

0.78353 
0.74622 
0.71068 
0.67684 
0.64461 

-1.000 
-7.619 

-31.746 
-39.736 
4 6 . 6 3 9  

-70.517 
-57.458 
-3 8.3 76 
-24.366 

-3.223 

398 0.6 139 1 244.334 
162 0.58468 94.716 
120 0.55684 66.819 
120 0.53032 63.637 
120 0.50507 60.607 

120 0.48102 57.721 
120 0.45811 , 54.972 
120 0.43629 52.354 
120 0.4 155 2 49.861 
120 0.39573 47.487 

120 0.37689 45.225 
120 0.35894 43.071 

Total present worth 540.124 

*The net disbursements (-) in column 2 do not equal the capital expenditure, 
$477 million, because of differences in the amount of power used (disbursement) 
and in separative work sold (revenue) between the case where CIP is not installed 
and the case where the CIP is installed. The difference in revenue is due to a small 
difference in waste assays. 

straight-line method (fixed periodic depreciation) is used. In the analysis 
“operating costs” are costs that are immediately tax deductible, whereas 
“investment” or “capitalized expenditures” are costs that can be deducted only 
as they are depreciated. 

2.61 Income and outlay are assumed to  occur at the end of each accounting 
period. There will be an outstanding debt at the end of each period which is to 

ENGINE E R I NG ECONOMICS PRINCIPLES 47 



be eliminated at the end of the history. The unit price of electricity required to  
retire this debt is taken to  be constant over the plant life. 

The following list defines symbols used for an accounting period, n: 

an) = amount of energy sold during period. 
Y(n) = outstanding indebtedness before income and outlays during period 

Z(n) = investment (capitalized expenditure). 
V(n) = income from other-than-energy sale. 
D(n) = depreciation. 
O(n) = deductible operating costs. 
r(n) = income taxes. 
R(n) = net retirement income after costs and taxes. 

are considered. 

C = direct cost before interest. 
I = interest charge, which includes real cost of indebtedness and taxes. 
P = unit selling price of energy to  return all investment costs. 
X = discount factor defined by the development. 
N = history life. 
r = tax rate on taxable income. 
i = required return on stock. 
j = required return on bonds. 
b = fractional indebtedness in bonds. 
m = fixed charge or interest on an investment. 

Income tax is given by the applicable fraction of taxable income: 

r(n) = r [P Q(n) - D(n) - q n )  ~ ib Y(n) J 

Net income is income remaining after costs: 

R(n) = P a n )  t V(n)  - O(n) - lib t i( 1 - b ) ]  Y(n) - r(n)  

= ( 1 - r )  P an) t V(n) - ( 1 ~ r )  O(n) + r D(n) 

- [i(l - r)b + i(l - b)]  Y(n) 

The outstanding debt is reduced by applying the net income: 

Y(n t 1) = Y(n) + Z(n) - R(n) 

= [ I  t j ( 1  - r)b t i(1 - b)]  Y(n)  + Z(n) 

- (1  - r ) P Q ( n ) -  V ( n ) + ( l  - r ) O ( n ) - r D ( n )  

Equation 2.9 is one of recurrence in the outstanding debt. If the terms other 
than Y are recognized as being independent of Y ,  Eq. 2.9 can be simplified to  

48 ELECTRIC UTILITY ECONOMICS 

.. -~ .. . . . .. . . , . "  



Y(n t 1) = ( 1  + x> Y(n)  + A(!?) (2.10) 

where 

X = j ( l  - r ) b + i ( l  - b )  (2.1 1) 

For an initial investment and indebtedness of Y( 1) = Z(O), the solution to  
Eq. 2.10 is given by the expression 

and retiring all indebtedness, Y(N + 1) = 0, is given by the expression 

N 

n=o 
( 1  + X ) N - " A ( n ) = O  (2.12) 

In terms of the primary variables, the solution is given by 

N 

n = 0 
(1 [ ~ ( n )  - ( I  - r ) P a n )  - ~ ( n )  

+ ( 1 - r) O(n) - r D(n)] = 0 (2.13) 

The solution of Eq. 2.13 for an unknown unit selling price of energy is 

(1 + Q(n) 
n= 1 

Equation 2.13 discounts all items t o  the end of the history, i.e., future-value 
discounting; it is generally more flexible t o  work with present-value discounting, 
obtained by multiplying the numerator and denominator of  Eq. 2.14 by (1 + 

N 

n=o P =  
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2.62 A single expression is therefore developed for the unit selling price of 
energy needed to return all investment cost. Although the expression appears 
somewhat complex, it can easily be evaluated with a digital-computer approach. 

Levelized Equivalent Uniform Annual Values 

2.63 Year-by-year economic studies of the cost of capital are frequently 
necessary for the high degree clf precision required for management decisions on 
specific projects. Slightly less exact methods, however, are frequently useful ; 
these make use of percentage rates or levelized equivalent values representing the 
average value of year-by-year changes taken over the lifetime of the project. The 
various techniques for converting economic information to a uniform annual 
basis are described in engineering economics texts.6 

ELECTRIC UTILITY COST ANALYSIS 

INTRODUCTION 

2.64 Rates for a regulated utility company are determined by analyzing the 
revenue requirement ( 5  2.5), considering various operating expenses and a fair 
return on the investment. In other words, the rate depends on the cost of energy 
produced. Since various types of customers are served, however, the apportion- 
ment of total costs in a fair manner is complicated. 

2.65 The cost of energy produced can be analyzed by using a model, in 
which variables for the different customer load requirements are considered.' 
The annual operating expense, for example, can be expressed as a summation of 
four elements: (1) elements that are constant and independent of installed 
capacity, peak effects, or amount of energy generated; (2) a capacity element; 
(3) an element associated with the need to  be ready to carry load without 
necessarily producing energy; and (4) an element proportional to  the energy 
produced. Elements 3 and 4 are significant in arrangements for operating 
capacity and energy interchanges associated with power pooling. On the average, 
about 25% of the cost of energy can be attributed to the constant and capacity 
elements, 50% t o  the peaking capability, and 25% to  the energy itself. Element 
4, the so-called incremental cost of energy production, is also the key variable in 
determining base, semibase, and peaking types of production units. 

2.66 This model can be described by a four-term equation, 

C, = A  + B (kw capacity) + C (kw peak) + D (kw-hr) (2.16) 

where C, is the total cost for the specified kilowatt-hours produced and A is 
constant for all expenses unrelated to  the energy produced or the energy- 
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demand characteristics. The second and third terms are related t o  the demand 
but each in a different way. Constant B accounts for all expenses directly 
proportional t o  installed capacity, and C accounts for the additional expense 
associated with the necessity of being ready to  carry a peak load without 
actually producing energy. In each case nonlinear effects could be described with 
additional terms. 

2.67 The installed-capacity term, B, is a function of the individual 
customer’s peak-load requirements, but  constant C depends on the peak-load 
requirements as determined at  the generating station. The difference is based on 
the “smoothing” of irregular requirements by combining needs of different 
types of customers in a large system. The generating station, of course, provides 
the needs of the entire system. 

2.68 A detailed study of the components of cost analysis, particularly as 
they affect the “cost t o  serve,” is not appropriate here. We shall, however, 
discuss the determination of unit costs and the allocation of unit costs t o  the 
customer. 

UNI T COSTS 

2.69 Equation 2.16 serves as the basis for the determination of unit costs. 
The first and last terms, those associated with futed effects and with the energy 
produced, are straightforward. The two middle terms, involving capacity and 
peaking, are more difficult to  evaluate, however. One approach is t o  study the 
effect on cost of incremental changes in system loading. Loading may have 
different effects on different portions of the utility system. For example, it is 
convenient t o  consider separately the production system, the bulk transmission 
system, and the various primary and secondary voltage distribution systems. 
Although the most important measure of capacity is the kilowatt rating, the 
power factor, and hence the kilovolt-ampere rating, is also important, particu- 
larly in the distribution system. Since this phase of the analysis is to determine 
the cost of changes in the load structure, certain parameters describing the load 
structure (e.g., various types of peaking ratios) also become useful. An indication 
of the relative cost contribution of model elements t o  each of the various 
functions of a utility system is given in Table 2.8. 

PARAMETERS FOR ALLOCATION OF COST TO CUSTOMERS 

2.70 The allocation of costs t o  the customer is important in setting up  a 
rate structure. Actually, such an allocation can go hand in  hand with the 
establishment of a unit-cost structure, which also depends on the different load 
requirements of various types of customers. 

2.7 1 Coincidence factors are important in allocating the demand-related 
portion of costs t o  different classes of customers. Load changes of the two types 
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TABLE 2.8 

Typical Utility Cost Distribution 

Cost contribution, % 

Customer Generating 
Function Constant peak peak Energy 

Generating station 60 40 
Bulk transmission 100 
Distribution system 34 16 50 
Fixed (billing, 95 5 

Administrative overhead 40 5 50 5 
sales, metering) 

System total 20 5 50 25 

mentioned in 82.14 affect the cost analysis and determine the transient 
specifications for the generating system. Since the details of these variations may 
differ from one customer t o  another, some “smoothing out” of system 
fluctuations is obtained as more and more customers of different types are 
connected to  the system. In other words, each customer has a varying load 
requirement and demands a certain reliability of service to  meet it. He could 
obtain this from an individual facility. However, if the requirements among the 
customers are substantially different, the load changes can be averaged out to 
provide service at less cost than would be possible under an individual basis. 
Also, the use of larger generating units to  meet the needs of many customers 
provides an economic advantage. The expense of distribution, however, reduces 
this advantage to  some extent. 

2.72 Since irregular demand requirements increase the cost of providing 
service when demand is expressed on a unit-energy (mills per kilowatt-hour) 
basis, a pattern of use by different types of customers which reduces such 
irregularities through averaging, therefore reduces the unit cost. Load-research 
studies have provided empirical relations between the energy use and demand 
requirements of different classes of customers, such as residential, manufactur- 
ing, and commercial users. Such information can be used to develop cost-to-serve 
relations, including the effects of a number of parametric cost components 
summarized in Eq. 2.16. 

INFLUENCE OF UTILITY SYSTEMS ON DESIGN REQUIREMENTS 

2.73 Since the generating plant, whether nuclear or fossil fueled, is a 
subsystem or a portion of the utility system (§  1. IS), a number of design 
interactions apply between the requirements for the generating plant and the 
system characteristics. This follows in a straightforward manner from the 
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concepts of system engineering design ( 5  1.16) and is particularly important in 
optimization procedures. 

2.74 The load pattern, for example, and the resulting interaction with 
various fuel-system economic factors can lead to  decisions regarding peaking or 
base-load service and, in turn, to the establishment of control-system specifica- 
tions. As a second example, the system size and interconnections with other 
systems can have an important effect on the maximum size of a single generating 
plant that can be accommodated in the system. Seasonal load changes can 
determine the periods appropriate for generatingplant downtime for routine 
maintenance, Since fuel changes in a nuclear system can best be accomplished 
during such downtimes, fuel-management specifications are also affected. 
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INTRODUCTION 

3.1 The cost analysis of a nuclear power plant is a special case of an 
engineering economy study. Analyses can provide a basis for business decisions 
involving alternate projects, such as a nuclear- or fossil-fuel plant or the selection 
of one nuclear-reactor concept from among several. Cost analysis is indeed 
essential t o  the engineering design,of a nuclear power plant. Since the plant must 
produce energy at  costs competitive with those for other energy sources, 
economic parameters are extremely important in achieving an optimum design. 
The nuclear-plant designer must therefore be completely familiar with reactor 
costs and the nature of an economic analysis for a proposed plant. 

3.2 Economic studies are of two types. One concerns a specific project to 
determine the projected costs under known conditions but perhaps with several 
alternatives. “Classic” examples are the 1963 study by the Jersey Central Power 
and Light Company of a proposed 620-Mw(e) generating station’ at Oyster 
Creek, N. J., and a 1966 Tennessee Valley Authority (TVA) study.* Both 
organizations decided t o  build a nuclear plant after studying both nuclear-,and 
fossil-fuel alternates. The economic analyses were based on each organization’s 
accounting practice and their experience in such matters as investment return 
and taxes.* Since such an analysis is complicated and oriented toward the user’s 

*There are marked differences in fixed-charge rates for an investor-owned utility and for 
TVA, a U. S. Government agency ( $ 3 . 3 6 ) .  
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( 5  1.8) requirements, it is of limited use at  the conceptual design stage in 
determining the effects of parametric changes on costs. 

3.3 The second type of economic study consists of concept comparisons or 
parametric studies and makes much greater use of average conditions. T o  provide 
for a uniform treatment of cost parameters, the U. S. Atomic Energy 
Commission (AEC) has issued a standard procedure, Guide for Economic 
Evaluation of iVuclear Reactor Plant  design^,^ which is useful for preliminary 
cost analyses but may not be appropriate for actual cost determinations. This 
procedure is emphasized here since it is more straightforward than the first 
approach for the handling of economic-parameter contributions t o  a systems 
design analysis. 

3.4 Consistent with the growth in use of digital computers for all types of 
engineering calculations, numerous economic codes have been developed to  meet 
a variety of needs. Since quite complicated economic calculations can be 
handled easily by machine methods, codes for survey studies normally permit 
quite detailed descriptions if desired. Therefore they tend t o  fall within the first 
of  the preceding categories with options t o  accommodate the user. Examples of 
codes for computing nuclear power costs are POWERC04 and PACTOLUS.’ 

TYPES OF CHARGES 

3.5 An economic analysis of a nuclear power plant includes a study of all 
contributions to  the cost of generating electricity. These range from items based 
on fixed charges, which apply whether or not there is any production, to  costs 
that on an annual basis depend directly on the energy generated. Since questions 
that affect the uniformity of energy requirements, the nature of capital funding, 
fuel options, and a wide variety of engineering parameters are thereby 
introduced, a systematic accounting basis for these contributions is essential. 

3.6 In the Guide for Economic Evaluation of Nuclear Reactor Plant 
 design^,^ to be referred to  subsequently as the Guide, power generating costs are 
subdivided into plant-investment fixed charges, fuel costs, and operation and 
maintenance costs. A suggested format for summarizing such costs is shown in 
Table 3.1. In addition t o  the investment required for the reactor plant itself, the 
fixed charges are also associated with fuel and “working capital” (52.48). Items 
such as depreciation, insurance, and taxes are normally included in the 
fixed-charge rate applied to  plant investment. The determination of actual costs, 
normally expressed on an annual basis, depends on the nature of the financing 
practices appropriate for the owner, either private or public. For investor-owned 
utilities, for example, corresponding fixed charges each year may amount t o  
about 14% of the investment required for plant construction. A somewhat lower 
rate would apply to capital that does not depreciate, as explained in 83.36. 

3.7 Several features of the fixed charges should be emphasized: Since the 
fixed charges are a function of investment, or capital cost, any design parameters 
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TABLE 3.1 

Format for Summarizing Electric Energy Generation Costs 

Fixed- Annual Unit energy 
Capital charge cost (or cost (or 

cost, rate, revenue), revenue), 
Cost component io3 $ % 1 0 3  $ mills/kw-hr 

Plant investment 
Depreciating assets __ 
Nondepreciating assets ~ 

Subtotal 
Fuel 

Unit direct cost 
Unit indirect cost __ 

Subtotal 

Direct cost 
Working capital ~ 

Operation and maintenance 

Subtotal 
Total electric energy generation cost 

that affect the investment will, in turn, affect the fixed charge. As reactors are 
made larger, for example, the investment required, when expressed on a 
unit-energy basis (dollars per kilowatt-hour), tends t o  decrease markedly. 
Similarly the contribution of fixed charges to  the generation cost will decrease as 
the magnitude of the fixed charge decreases with increased size, again when 
expressed on a unit-energy basis. 

3.8 A second important feature is the relation between capital investment 
and the fixed charge. For example, differences in the financial characteristics of 
utility companies which could affect the cost of money could result in 
differences in the percentage rate applied t o  the capital investment t o  determine 
the fixed charge. Thus, t o  obtain an optimum combination of engineering 
specifications for which structural features reqciring capital investment must be 
evaluated, the designer must consider the derived fixed charge, not the 
investment. As another example, reactor concepts requiring comparatively large 
capital investments may be more attractive for a public-owned agency, for which 
a low fixed-charge rate would apply, than for a privately owned utility (53.36). 

3.9 A third consideration is that fixed charges must be paid whether or not 
the reactor is producing energy and hence earning revenue. In the apportionment 
of the fixed charges t o  the energy produced, t o  determine the cost on a 
unit-energy basis, the fraction of time for which the reactor is able t o  run at 
rated power becomes very important. As a result the fixed charges are inversely 
proportional t o  the load factor. The reactor load, in turn, depends on the 
requirements of the utility company grid and the relative efficiency of the unit. 
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3.10 Fuel costs(see $ $3.41 to  3.63) normally include all charges associated 
with the fuel, fixed as well as direct. These costs are very significant t o  the 
designer not only because .they may make up about 35% of the total production 
cost but also because they may vary over a wide range and are sensitive to  
various engineering parameters. The third category, operation and maintenance 
(see $ $3.64 and 3.65), concerns the cost of such items as salaries and labor, 
maintenance materials, and operating supplies. Although these charges represent 
only a second-order contribution to  the power cost and comprise perhaps 10% 
of the annual operating expense, activities necessary t o  keep the reactor plant in 
service are important since low plant “availability” ($2.21) will reduce revenue 
and, in turn, increase the fixed charges on a unit-energy basis. On the other 
hand, these operation and maintenance charges are relatively insensitive to  
engineering parameters. 

PLANT-I NVESTM ENT FIXED CHARGES 

3.11 The principal nonfuel fixed charges are derived from the capital 
investment required for the construction of the nuclear power plant. Construc- 
tion costs, in turn, consist of the direct construction costs (labor, materials, and 
equipment) and indirect construction costs ($3.14). For  identifying the various 
cost categories and the interrelation that may be involved, the Guide3 is very 
useful. 

DIRECT CONSTRUCTION COSTS 

3.12 Direct construction costs consist of the actual cost of the plant 
equipment, materials, and the labor required for installation. Fine points of 
categorization, such as the purchase of subsystems as a package or labor 
overtime, are not considered here. A uniform system of accounts is convenient 
for estimating and reporting direct construction costs. Such a system, in which 
various items are identified by numbers in a standard manner, is similar t o  the 
one used by electric utilities established by the Federal Power Commission. For 
illustration, the direct construction costs estimated for a lOOO-Mw(e) pres- 
surized-water reactor are given in Table 3.2. The values listed are significant only 
in relation t o  one another since actual costs change from year t o  year. In fact, 
direct construction costs for plants to  be started in the mid-1970s have been 
estimated at  about $250 million.6 

3.13 Although subdivisions exist under each account number in Table 3.2, 
they are given only in Account No. 22, which concerns the nuclear-reactor 
engineer. The table includes only the direct construction costs; indirect costs are 
considered in $ $3.20 to  3.32. 
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TABLE 3.2 1 ‘  

Direct Construction Costs* for 1 OOO-Mw(e) Pressurized-Water Reactor 

Account number and description Capital cost 

20 Land and land rights 

21  Structures and improvements 
21 1 Ground improvements 
212 Buildings 

Turbine and auxiliary 

Control, service, and office 
buildings 

219 Reactor containment and 
building 

Other account 21 

22 Reactor-plant equipment 
221 Reactor equipment 

Vessel 
Control rods etc. 
Miscellaneous 

222 Heat-transfer system 
Reactor coolant 

Steam generators 
Miscellaneous 

223 Fuel-handling and -storage 
facilities 

224 Fuel reprocessing and 
refabrication 

225 Waste disposal 
226 Instrumentation and 

control 
227 Feedwater supply and 

treatment 
228 Steam condenser and 

feedwater piping 

system 

23 Turbogenerator plant 

24 Accessory electrical equipment 

25 Miscellaneous power-plant equipment 

$ 1,000,000 

34,000,000 
$ 2,000,000 

5,000,000 
2,000,000 

18,000,000 
7,000,000 

8 1,000,000 
22,000,000 

$1  1,000,000 
6,000,000 
5,000,000 

32,000,000 

3,000,000 
17,000,000 
7,000,000 

4,000,000 

2,000,000 

6,000,000 

6,000,000 

9,000,000 

65,000,000 

10,000,000 

4,000,000 

Total direct construction costs 

*Contingency allowances are included. 

$195,000,000 

3.14 The major accounts listed in Table 3.2 are as follows: 
1. Land and land rights. The cost of land for the plant site and for an 

adjacent exclusion area belongs to  this account. A “standard” 370-acre typical 
site along a river and 25 miles from a city is described in the Guide.3 Since the 
estimate of $1 million for the site is an almost insignificant proportion of the 
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total reactor-plant construction cost, it need not  be considered in detail. In 
actual cases, however, the cost of land and site development may amount to  
about $2 m i l l i ~ n . ~  Since the land cost is not subject t o  depreciation, it is 
handled separately in the calculation of the annual fixed charges. 

2 .  Structures and improvements. The cost of preparing the site and 
constructing all the buildings for the reactor plant, including the reactor 
building, shielding, and the containment vessel comprise this account. Depending 
on the type of reactor system, the account may range from $20 to $40 million 
for a lOOO-Mw(e) facility. 

3. Reactor-plant equipment. This account includes the reactor proper, 
reactor vessel (and thermal shields), coolant, moderator, foundation, and 
fuel-handling system. The costs of the heat-transfer system, comprising heat 
exchangers, auxiliary piping, tanks, etc., as well as of various support systems, 
such as instrumentation, water treatment, ho t  cells, remote maintenance, waste 
disposal, and special ventilation equipment, are in this category. The costs of the 
plant equipment are not very sensitive t o  the reactor type, a t  least for 
water-cooled, heavy-water-cooled, high-pressure gas-cooled, and sodium-cooled 
reactors.’ A total cost of $70 to $90 million for a IOOO-Mw(e) plant is appro- 
priate for this category. 

4. Turbogenerator plant. The turbogenerator, its foundations, and all its 
accessories are in this account. Differences in cost depend on  the quality of 
steam available from the given reactor system, but the variations are not large. 
The cost for a 1000-Mw(e) nuclear plant ranges from $50 t o  $70 million, a 
substantial proportion of the total. Since the condenser heat-rejection systems 
would be in this account, a requirement for cooling towers could add about $15 
million to the total. 

5 .  Accessory electrical equipment and miscellaneous power-plant equip- 
ment. These accounts d o  not involve a large fraction of the capital expenditure. 
Their total costs amount t o  about $15 million for the 1000-Mw(e) installation. 
Included are (1)  switchgear, wiring, and conduit work; ( 2 )  “other equipment,” 
such as compressed air and refrigeration systems; and (3) the main power 
transformer. 

6 .  Special materials, such as moderator and coolant, comprise Account 26, 
which is not  applicable to  the pressurized-water-reactor listing in Table 3.2. 
Although heavy water is a valuable material that can be recovered at  the end of 
nuclear-plant life, its salvage value is uncertain. Accounting practice is therefore 
to  apply depreciating fixed-charge rates to  the heavy-water investment, as is 
done with all other equipment items. 

3.15 Although the actual dollar values in an estimate of this type are likely 
t o  change yearly, the size of the relative cost contributions is a useful guide for the 
designer. Major items, for example, justify considerably more design attention 
than items representing only a small fraction of the total construction cost. 

3.16 For a pressurized-water-reactor the containment is a major structural 
item. The reactor vessel and controls represent the major items of “reactor 
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equipment.” Remaining major items are the heat-transfer system and the turbine 
generator. Since comparatively low pressure steam is fed to  the turbine in this 
concept, the turbine-generator cost tends to  be high. Similarly, a substantial and 
an expensive pressure vessel is required. 

CONTINGENCY ALLOWANCE 

3.17 For each of the plant-investment items listed, an allowance should be 
made for “contingency” to provide for unforeseen or unpredictable costs. Often 
the designer can determine an appropriate allowance item by item from 
experience and knowledge of the uncertainties that may be involved. Little or no 
contingency allowance may be necessary, for example, for items priced on a firm 
basis, whereas a generous allowance may be needed for installation in 
anticipation of adverse weather, strikes, and delays in equipment delivery. Some 
guidelines are given in Table 3.3 for contingency allowances. 

TABLE 3.3 

Recommended Values for Contingency Allowances 

Item Allowance, % 

Labor (all accounts) 

Equipment and material 
Accounts 21 ,24 ,  25, and 91 
Account 22: 

Proven design 
Extrapolated design (scale-up of a 

plant for which a construction 
permit has been received and 
equipment costs are known) 

Novel design 

Proven design 
Extrapolated design 
Novel design 

Account 23 

Account 26 

10 

5 

3 

10 
20 

3 
5 

10 
3 

3.18 In Table 3.3 differences in uncertainties that may be appropriate for 
different types of reactors as well as for different account categories are 
considered. In the case of the reactor-plant equipment (Account 22), for 
example, the contingency allowance has three categories. The first (proven 
design) applies when a firm price for a complete package of equipment, which 
includes all the more critical or expensive items, or both, is available from a 
nuclear steam supply system (NSSS) vendor. The second (extrapolated design) 
applies when the design of the reactor plant is based on a somewhat similar one 
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that is smaller by a factor of 3 or less, has received a construction permit, and 
also has known component costs. The third category (novel design) applies for 
all other evaluation studies, particularly for the expected economic performance 
of a concept yet being developed. 

3.19 The equipment in Account 23 also has three categories. Here the 
important item is the turbine-generator unit since it accounts for approximately 
three-quarters of the total equipment cost. In most instances, however, the 
power-plant concept probably will not require other than a “proven design” 
unit. Since the cost of the turbine-generator can be closely fixed by a single 
contract and since designs are proven and changes are infrequent, a smaller 
contingency factor for Account 23 is justified than for Account 22. 

lNDl R EC T CONSTRUCTION COSTS 

3.20 A number of  indirect construction costs must be added to  the direct 
construction costs. These include the costs of contracting, design, engineering, 
inspection, start-up, and interest during construction. Such indirect construction 
costs often vary widely according to  differences in accounting systems and to  
the experience of the contractor in building a specific plant. 

3.21 The reactor station may be constructed and all initial equipment 
installed under a fixed-price or “turnkey” contract. In this case indirect costs are 
included in the fixed price. Many utilities, however, prefer t o  contract for the 
reactor portion and other components separately. In either case it is common 
practice for the utility to  employ a firm of engineering consultants ( 5  1.7) to  
review proposals not only for the station and accessory equipment but  also for 
indirect services, such as licensing and employee training ($3.27). 

3.22 For study and evaluation, indirect costs can be estimated according to  
standard procedures. One approach is to  follow the which prescribes 
percentages of the direct construction costs for each of several indirect cost 
accounts. Utilities compute indirect costs in a variety of ways. One approach, 
useful for study and evaluation, is described in the Guide, which breaks down 
such costs into four major accounts: 

Construction facilities, equipment, and services, Account 9 1. 
Engineering services, Account 92. 
Other costs, Account 93. 
Interest during construction, Account 94. 

A discussion of these accounts follows. The results of applying the Guide to  
a pressurized-water reactor direct construction cost are shown in Table 3.5. 

Construction Facilities, Equipment, and Services (Account 91) 

3.23 This account includes buildings and other facilities that are removed 
after construction has been completed, the cost of construction equipment, and 
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the cost of services, such as utilities, labor training, and maintenance. In the 
absence of detailed information, Fig. 3.1 may be used to  obtain a value useful 
for evaluation studies. 

Engineering Services (Account 92) 

3.24 The various engineering services for the project may be grouped into 
two accounts: reactor engineering and plant engineering, with the architect- 
engineer and construction management services combined in the latter account. 

0 30 40 50 60 70 80 90100 150 200 300 

DIRECT COST OF PHYSICAL PLANT, lo6 $ 

Fig. 3.1 Various indirect plant-investment costs. 

3.25 Reactor engineering (Account 921) includes all design and engineering 
services for the reactor, auxiliary systems, and fuel. Such services as assistance in 
staff training and licensing activities are sometimes also included. The costs of 
the services in this account depend largely on the degree to  which the reactor 
design has been proven. An additional complication is the engineering 
development that may be required for new reactor comcepts (novel design), 
which really should not  be included directly in a cost estimate. A cost basis for 
the nondevelopment effort is given in Fig. 3.2 for estimates as a function of the 
Account 22 cost. An estimating basis is also given for an intermediate category, 
an “extrapolated design” in which the design of the plant is based on one that is 
similar but  probably different in size. Plants of proven design may be considered 
as a third category, which, indeed, may have their engineering costs included by 
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Fig. 3.2 Reactor engineering cost (921). 

the vendor as part of Account 22. An estimation basis is included in Fig. 3.2, 
however. This approach is similar to  that suggested for contingency allowances 
( 5 3.1 7). 

3.26 Plant engineering (Account 922) includes all other engineering services 
associated with the project. Examples of such services are the preparation of 
specifications and evaluation of proposals for major equipment packages, the 
management and direction of construction activities, and preoperational 
activities. A cost basis for estimation is given in Fig. 3.1. 

Other Costs (Account 93) 

3.27 This account covers a variety of expense items that are part of the 
overall task of building a nuclear power station and preparing for its operation. 
According t o  the Guide, the account may be broken down into three component 
subordinate accounts, as follows: 

Taxes and Insurance (Account 931): This account covers both property and 
all-risk insurance with nuclear rider, state and local property taxes on the site 
and improvements during the construction period, and sales taxes on purchased 
materials and equipment. Insurance and tax rates vary widely with geographical 
location, even within a given state. For evaluation studies, it is often assumed 
that the total of the insurance and tax charges prior to  full-power commercial 
'operation is equivalent t o  3.0% of the total physical plant direct cost. 

Staff Training and Plant Start-up (Account 932): These two indirect-cost 
categories may be combined because most of the costs are associated with staff 
salaries, and the training and start-up phases overlap. Final testing of the entire 
plant is included. Costs in this subcategory are of the order of $ 1  million. 
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Owner’s General and Administrative (Account 933): This account is 
intended to  cover all the miscellaneous costs incurred by the owner in carrying 
through the project. Included are licensing costs not included elsewhere, costs 
associated with public relations programs, and the general and administrative 
overheads assignable t o  the project. General and administrative costs are also of 
the order of $ 1  .O million. 

3.28 The preceding three subcomponent cost categories tend to  be 
insensitive t o  the type of reactor and can be correlated with the total direct cost 
of the plant. Therefore a total Account 93 cost for evaluation purposes may also 
be obtained from Fig. 3.1. 

Interest During Construction (Account 94) 

3.29 This account covers the net cost of the funds used to  finance the 
design and construction of the plant. The interest during construction is 
therefore the sum of the interest charges for each expenditure made in 
connection with the accounts listed previously. These interest charges are a 
function of three quantities: the amount of the expenditure, the time period for 
which funds are borrowed, and the interest rate. The time when the plant 
achieves full-power commercial operation is taken as the end of the construction 
period since this marks the beginning of the period over which energy produces 
revenue and the fixed charges are included as a component of the energy- 
generation cost ($3.5). Table 3.4 lists time periods from the Guide which may 

TABLE 3.4 

Guidelines for Design and Construction Period 

Plant rating, 
MMe) 

150 
300 
500 
750 

1000 
1500 

Design and construction period. months 
Proven Extrapolated Novel 
design design design 

50  56 62 
56 6 1  6 1  
61 65 72 
64 68 I 5  
66 70 77 
68 72 78 

be assumed if no specific information is available. In 1972, however, such values 
appeared to  be about 20% too low. The total interest during construction cost 
includes three components: 

Physical Plant and Associated Indirect Costs: When specific information is 
not available, the percentage may be taken from Fig. 3.3 as a function of the 
design and construction period and interest rate. The curves are based on the 
spending rate shown in Fig. 3.4. 
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Land and Land Rights: For evaluation studies, when an actual land purchase 
date is unknown, it may be assumed that the land is owned for the full design 
and construction period plus 6 months. This interest during construction cost 
component IS then found by computing the compound interest charges on the 
Account 20 amount for this time period. 

Special Materials (as listed in Account 26): Materials to  be installed during 
the construction of the reactor are assumed to  be purchased 3 years prior to  
full-power commercial operation, whereas materials t o  be installed after all the 
reactor systems have been completed (such as fluids) are purchased 9 months 
ahead of project completion. 

OTHER INDIRECT COSTS 

3.30 Several other indirect costs not included in the preceding AEC 
cate'gories should be considered if estimates are made on an individual project 
basis.' Local property taxes are frequently applied as construction progresses. If 
land is initially paid for, construction taxes may be expressed as: 

rT 
100 Taxes during construction = -(L + 0.45Q) 

wherer(%) is the annual tax rate, L is the land cost, and Q is the portion of plant 
costs to which the property tax is applicable. The constant 0.45 = ( 1  - 0.55) is a 
time-averaging factor. 

3.31 An allowance for escalation in costs during the period of construction 
is sometimes provided. This is separate from the contingency allowance. The 
amount that should be applied will, of course, depend on inflationary trends 
prevalent at the time. One approach suggests that the turbine-generator price be 
considered firm for 3 years after the order is placed but that it increase at  6% per 
year thereafter. Other direct and indirect costs may increase at 7.5% per year.* 
Such escalation, amounting t o  about a $50 million6 addition t o  the total 
construction cost listed in Table 3.5, may therefore be a substantial cost item. 

3.32 Although provision is made for licensing expenses in Account 92, 
possible public acceptance problems requiring additional expenditures may need 
special attention. Additional allowances of $500,000 for licensing are common. 

EFFECT OF SIZE AND CONCEPT 

3.33 As the electric capacity of the power plant is increased, the total 
construction cost in dollars per kilowatt shows a significant decrease. For 
example, an increase in capacity from 500 Mw(e) to  1200 Mw(e) decreases unit 
construction costs by a factor of about 2.0. Therefore most nuclear-fueled plants 

*The expenditure rate ghown in Fig 3 4 is applicable 
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TABLE 3 5  

Total Construction Costs for 1 OOO-Mw(e) Pressurized-Water Reactor 

Account number and description cost  

T o t d  direct con\tructron costs (from Table 3 2 )  $195.000.000 
91 
92 

93 
94 

Construction facilities, equipment. and services (0.8%) of direct cost) 1,500,000 
Engineering Services 
92 1 Reactor engineering 2,300,000 

Other costs (4.0% of direct cost) 8.000.000 
Interest during construction a t  8.2% per year (66-month period, 

4 1,000,000 

Total construction cost 257,800,000 

922 Plant engineering (5.OSb$of direct cost) 10,000,000 

21% of direct cost) 

55.000.000 Allowance for escalation during construction“ 

Grand total construction cost (rounded) $3  13,000,000 

*See $3.3 1.  The applicability of this indirect cost strongly depends on inflationary 
trends during the construction period. 

planned for the 1970s have a rating of at least 800 Mw(e). Whether savings are 
likely to  be realized a t  the same rate for capacities larger than 1200 Mw(e) is not 
clear, since increased con:jtruction periods, the need for greater reserve 
generating capacity, and operating differences tend to  complicate the picture. 

3.34 Although this trend is based on data for highly developed pressurized- 
water and boiling-water reactors, similar size-effects probably apply to  other 
concepts. However, capital costs for other concepts cannot be estimated with 
the same degree of reliability as those for light-water reactors, although it is 
possible t o  compare design features and thereby predict probable cost variations 
from the “known” system.* Since a large fraction of the construction costs for 
the entire reactor-plant system arises from items that are external to  the reactor 
proper, however, total costs d o  not vary markedly from one concept to another 
a t  the same respective stage of development. Moreover, the sensitivity to  size is 
likely t o  be similar. 

3.35 ‘Several factors contribute t o  the decrease in construction costs on. a 
unit-power basis. Some features of the design, such as instrumentation and fuel 
handling, need not be much more expensive or more complicated for a large 
plant than for a small one. Consequently there is a substantial decrease in the 
cost of “auxiliary systems” on a unit-power basis for the large system. Another 

*The high-temperature gas-cooled reactor (HTGR) is quite well developed and has many 
design features quite different from those used in light-water reactors. It should thehfore be 
considered separately. 
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factor is the possibility of increasing the design capacity of process-type 
equipment (e.g.. pumps and heat-exchange systems) by using additional 
materials but with only modest additional cost for fabrication and manu- 
facturing overhead. In fact, a useful rule of thumb in the chemical and 
petroleum industries is that the total investment will vary as the 0.6 power of 
throughput or capacity. Finally, many of the indirect costs are relatively 
insensitive to size. About the same engineering effort is required for a small 
plant, for example, as for a large one. An additional savings is realized when 
several plants of the same design are ordered. The manufacturer may then 
distribute the indirect costs over several plants. This is particularly true when 
several plant units are built on the same site with some facilities shared. 

FIXED-CHARGE RATES 

3.36 The annual charges for the capital represented by the total construc- 
tion costs consist of such items as interest on borrowed money, return on 
equity, depreciation, taxes, and insurance. Although the exact calculation of 
these items can be fairly complicated (§2.24), usually for preliminary estimates 
the annual charge for each item can be determined by applying a constant fixed 
percentage to  the initial total construction cost. The rate should be such that the 
present-worth grand total of these constant charges will equal the total of 
charges calculated in an exact manner on a yearly basis. The constant 
percentages to be applied to  a new estimate will change, of course, from year to 
year as pertinent economic factors change. As an illustration the basis for an 
annual fixed-charge rate of 14.7% on depreciating capital for investor-owned 
power plants in the United States is shown in Table 3.6. 

3.37 Fixed charges for working capital are associated with funds necessary 
t o  operate the plant. For example, in addition to a working fund for daily 
operations, working capital (82.48)  is required t o  pay for work done before 
revenue is received from the sale of electricity, e.g.. fabrication of the core. Since 
no depreciation is involved in such a fund, an annual fixed-charge rate lower 
than that for depreciating capital applies. Actual rates vary, of course, depending 
on market conditions, the ratio of debt to equity capital (bonds to stocks), 
taxes, etc. (52.27).  For preliminary estimates an annual rate of 13.8% can be 
assumed. Land and land rights should also be included in the nondepreciating- 
capital category. According to the Guide the fixed charges related to the fuel, 
such as fabrication working capital, are included with the fuel charges (83.53) 
whereas the plant-operation working capital is included in operation and 
maintenance expense (83.64). 

3.38 In the United States the annual fixed-charge rate for depreciating 
capital for government-owned utilities, municipal power plants, and plants 
constructed with the aid of loans from the Rural Electrification Administration 
may be 6 to  9% because of favorable interest rates and tax exemption. Similarly, 
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TABLE 3.6 

Utility System Economic Parameters 
(Plant Capacity b’actor: 0.80; Plant Life: 30 years; Salvage Value: Zero) 

2 .  

Fixed-charge rates, % 

Publicly owned Investor owned 

Depre- Nondepre- Depre- Nondepre- 
Component ciating dating* ciating ciating* 

Interest or 

Depreciation 

Interim replacements 0.35 0.35 
Property insurance 0.25 0.25 
Federal income 

State and 

return investment 5 .OO 5 .OO 8.20i 8.20’1 

(30-year sinking fund) 1.78 I .02 

taxes* 2.04 4.80 

local taxes 1 .oo 1 .oo 2.84 0.80 
~ ~ ~ ~ 

Total 8.4 6 .O 14.7 13.8 
~ ~ _ _ _ _ _ _ ~ ~ ~  ~ 

*Use indicated total tor land and operation and maintenance working capital. 
f 52% bonds at 6.5%, 48% equity at 10%. 
*Rased on sum-of-the-year’s-digits depreciation for tax purposes and federal taxes at 

50% of taxable income. 

nondepreciating-capital annual fixed-charge rates range from 4 t o  6.5%. 
Fixed-charge rates also vary from one country to another, which may account 
for the different power-cost estimates for plants of the same type in different 
countries. This difference is significant because the fixed charges for nuclear 
power represent 60 t o  80% of the final cost of the electricity produced. Since 
the cost of electricity is determined by the expenses during the period of 
generation, including the fixed charges, the fixed-charge rate is very important to  
the designer in selecting the most economical concept for a given service and in 
determining optimum operating conditions. When operating costs can be 
reduced, e.g., by spending additional money on construction, additional capital 
requirements can be more easily tolerated under public ownership, where a low 
fixed-charge rate applies, than under private ownership. 

3.39 Since fixed costs are constant per unit of time and are independent of 
electrical output, the contribution of the fixed costs to  the cost of energy, 
expressed in mills per kilowatt-hour, depends on the plant factor (or use factor). 
This is defined as the actual energy produced during a given period divided by 
the energy that could have been produced during the same period if the machine 
had operated continuously at the manufacturer’s rated capacity (52.16). These 
considerations are important in a utility’s economic analysis and operational 
planning ( 5  2.15). 
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TRENDS 
7 ) .  

3.40 Much of the previous discussion of capital costs is based on estimates 
for plants to  be completed in the mid-1970s rather than on actual costs. Over a 
period of only a few years around 1970, such estimates have also shown a 
marked increase due to  escalation ‘of labor and material costs, increase in the 
cost of money, lengthening of construction tirne, and additional costs to meet 
safety and environmental requirements. Safety-related costs have included 
stringent requirements for quality assurance and design changes after an 
advanced stage of construction has been reached.’ Although consideration has 
been given to these trends in the values cited here, it was not possible at the time 
this was written (1972) to forecast behavior during the 1970s. 

FUEL COSTS 

INTRODUCTION 

3.41 Fuel expenses are the second major component of nuclear power 
costs. In fact, since costs can be reduced by improving both fuel-cycle 
technology and fuel design during the lifetime of the plant, the analysis of fuel 
costs is of continuing interest to the electric utility, whereas fixed charges do not 
change after the plant has been built. The analysis of fuel-cycle expenses is 
complicated, however, since a number of operations are involved and economic 
factors are sensitive to  irradiation titne in the reactor as well as to  numerous 
financial and process variables. Furthermore, with private ownership of fuel, 
opinion varies on accounting methods for some of the charges. Our primary 
objectives here are to  identify the principal cost components and to examine 
how they are affected by changes in the reactor design. In this chapter the 
calculation of fuel cost as a component of the energy cost is emphasized. The 
fuel system and the analysis of economic parameters are considered in greater 
detail in Chap. 7. It is therefore helpful to  consider separately four major items 
affecting fuel-cycle economics: (1 )  the nature of the fuel itself; (2) the time 
required for fuel operations; (3) “fuel management”; and (4) manufacturing and 
processing costs. 

3.42 The importance of these items can be seen from Figs. 3.5 and 3.6, 
which show the time dependence of the expenditures required for the various 
fuel-cycle operations. Since operations are performed on a valuable material, 
fixed charges depend on both the value involved and the time required. Any 
strategy or management options therefore require time and value considerations. 
Finally, the cost of carrying out the individual operations themselves must be 
included. 
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Fig. 3.5 The nuclear-fuel cycle. 

Fuel Value 

3.43 The value of  the fissile atoms in the fuel is one important contribution 
to the nuclear-fuel-cycle cost. For partially enriched uranium the value depends 
on both the cost of the original ore and the cost of enrichment The value of 
plutonium, on the other hand, can be related to that of uranium, but it also 
depends on the type of reactor using the plutonium ( 8 3  46) 
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Fig. 3.6 Economic picture of nuclear fuel. 

3.44 The cost of uranium ore, which is determined by market conditions, 
serves as a reference for the value of all uranium fuels, enriched as well as 
nonenriched. Although contractual prices have covered a wide range, as more 
power reactors are built and as they absorb existing supplies of low-cost 
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uranium, a rise in the market price’ ’ of U 3 0 8  to  about $7  to  $8 per pound is 
expected in the 1970s. Beyond this the availability of new supplies and the 
introduction of fast breeder reactors could influence the market price. Since a 
30-year operational period is anticipated for reactors starting up  in the early 
I970s, such projections are very important to  the reactor designer concerned 
with planning an optimum fueling strategy for the reactor lifetime. 

3.45 The expenses of enrichment in a gaseous-diffusion plant must also be 
considered part of the value of partially enriched uranium fuel. An analysis of 
the gaseous-diffusion cascade’ * provides a value of enriched-uranium product in 
t e r m  of the cost of raw material, the cost of separative work, and the optimum 
waste-stream composition as follows: 

where C!, is the value i n  dollars per kilograin of enriched uranium with a weight 
fraction, x, of ’ U, C, is the unit cost of  separative work in dollars per kilogram 
of uranium,* and x, is the weight fraction of 2 3 ’ U  in the waste stream. The 
“optiinuin” waste-stream composition is the composition obtained from this 
equation when C,, the unit cost of natural-uranium fuel, is substituted for Cp 
and when x F  = 0.0071 1,  the composition of natural uranium, is substituted for 
x. This waste-stream composition corresponds to niatcrial that has zero value. 
The derivation of this relation and the effect of variations in the parameters on 
the calculated cost of enriched 2 3 ’  U are considered in Chap. 7. 

3.46 The value of plutonium is important, both in converter reactors 
producing  some p lu ton ium and  in p lu tonium-fue l  fast  brccders.  Al though a 
useful value for estimation has been the “buyback” price of $9 to $10 used by 
the AEC, a future market value will be responsive to  supply and demand. This 
should, in turn, depend on the type of reactor using the plutonium. Although 
plutonium has a higher value than 2 3 ’ U  in a fast reactor because of its more 
favorable physics in a fast spectrum, in a thermal reactor its value is about equal 
to  that of fully enriched 2 3 ’ U  on a dollar-per-gram basis.’ The market price of 
plutonium will therefore be related to  that of enriched uranium, which is a 
function of ore and separation costs (53.45). Although the economics of 
plutonium fuels is complicated and is treated at  greater length in Chap. 7, a value 
of $8 to $ I O  per gram is useful for preliminary cost estimation. 

Time Requirements 

3.47 Since the time required for all the operations shown in Fig. 3.5 may 
total over 5 years and the material in process may have a value of about $200 

*Also in dollars per separative work unit (see Chap. 7) 
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per kilogram, significant fixed charges are involved. Iinportan t savings can 
therefore be realized by reducing some of the times. There is, for example, 
considerable interest in fuel-recovery processes that can handle fuel after only 
short cooling times. 

Fuel Management 

3.48 Strategies for fueling the reactor at intervals which might include 
various options for shifting the fuel within the core ‘a t  refueling can strongly 
affect the fuel cost, principally as a result of changes ih”the percentage of total 
fuel atoms fissioned. The corresponding study of the enrichment requirements 
for various core zones is also pertinent to the cost. Efficient use of the fuel, 
which might include breeding and high conversion as well as the recycling of fuel 
from one type of reactor to another, may be considered in the cost analysis. 
Fuel utilization is treated in Chap. 7. 

Fuel Manufacturing and Processing 

3.49 The costs of manufacturing the fuel and processing the irradiated 
material after its removal from the reactor are the third major influence on the 
economics of fuel cycles. Processing costs are affected, of course, by the nature 
of the operations required. Of great interest, however, is the throughput. Since 
there is a minimum plant size required for efficient operations, unit costs for 
volumes less than those appropriate for this size tend to  increase rapidly. In fact, 
this type of analysis is helpful as a way of concentrating attention on areas that 
do or do not depend on the maturity and size of a nuclear power industry. 
Although the technology for fuel manufacturing and processing is now 
reasonably well developed, lower unit costs would be possible, for example, if 
larger amounts were. required with resulting economies in efficient high- 
throughput operation (§  7.20). 

FUEL-COST CAL CUL A TIONS 

3.50 The energy cost component attributable to the fuel can be determined 
either by relatively exact computer programs or by somewhat approximate hand 
calculations. Before we turn to  the details of possible approaches, however, it is 
useful to consider six parameters that affect fuel-cycle costs: (1) fabrication, (2) 
inventory or use, (3) depletion, (4) processing, ( 5 )  plutonium credit, and (6) 
transportation. For discussion purposes all fuel charges may be included in one 
or another of these categories, which have been used for many years under both 
private and government ownership of fuel. In some cases the choice is fairly 
arbitrary, but the following discussion indicates the considerations involved. 
Steps in the fuel cycle are also discussed in Chap. 7. 
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Fuel-Fabrication Costs 

3.5 1 The direct and indirect fuel-fabrication charges together are important 
in fuel-cycle costs. The direct cost includes charges for converting uranium 
hexafluoride into the oxide, metal, alloy, or other form to be used as fuel, as 
well as costs for shipping and actual fabrication. The fabrication costs vary, 
depending on the choice of materials (including cladding), the difficulty of 
fabrication, and the complexity of the design. Rigid manufacturing tolerances, 
which are usually required, add to  the cost because of the need for inspection 
and the high percentage of rejections. Recycle fuel containing plutonium may 
require remote handling, which also increases the cost. As is true in most 
manufacturing activities, efficiencies are realized as the throughput is increased. 
Unit fabrication costs, normally expressed as dollars per kilogram of heavy 
metal, therefore teiid to  decrease as the requirement (kilograms per day) is 
increased. Estimated fabrication costs for fuel elements in several types of power 
reactors' are given in Table 3.7. Since the core of a central-station reactor may 
contain some 150,000 kg (metal basis), the direct cost of fabricating the fuel 
material for a complete core may range from $10 million to  $15 million. 
Estimates of unit fabrication costs can be obtained from bid information from 
fuel manufacturers or from standard methods involving cost equations set up for 
computer solution.' One such code is FABCOST.' 

TABLE 3.1 

Estimated Fuel-Fabrication Cost and Average Burnup 

Fabrication Average 
cost,* burnup, 

Reactor type Fuel Cladding $/kg of uranium Mwd/tonne 
~ 

Pressurized water UO 2 Zlrcdloy 7s 25,000 

Heavy water-natural 
Boiling water UO 2 ZlrLdlOY 70 22,000 

uranium UO2 Zircaloy 5 0  10,000 
Fuel Pu02  - U 0 2  Stainless steel 170t  75,000 
Blanket U 0 2  Stainlevs steel 5 0 t  

*Based on manufacturing throughput of 1000 kg/day 
?Updated.' 

3.52 Although published cost equations and computer codes are based on 
operation-by-operation studies of hypothetical plants, the resulting estimates do 
not necessarily agree with prices quoted by commercial fabricators.' Studies of 
hypothetical plants tend t o  vary on the approach used to  treat amortization, 
return on investment, and indirect costs, which may be rather specific to  an 
individual manufacturer. Pricing information obtained from fabricators must 
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also be viewed with caution by the estimator since commercial bids tend to  be 
quite complex; variations are common in such conditions as warranty terms, 
escalation provisions, and possible discounts for second cores that might be sold 
to  a utility. 

3.53 In addition t o  the direct costs, allowance must be made for indirect 
costs on the capital invested in fabricated fuel. Working-capital requirements for 
nuclear power plants are much greater than those for fossil-fuel power plants, 
largely because of the considerable investiinent in fabricated fuel both before 
and during reactor operation. Hence an annual charge on working capital is 
assigned as an indirect cost of the fuel cycle. The average investment by the 
utility in fabricated fuel may be about 60% of the fabrication cost for one full 
reactor loading. The annual fixed charge for working capital is the same as other 
rates used for nondepreciating capital. Although this rule of thumb was useful 
when the utility could not own the fissile material in the fuel, with the advent of 
private ownership, all the fuel-cycle capital charges are probably more 
appropriately considered as separate items. Furthermore, depreciation would 
amount at least to  the value of one core over the plant lifetime. For the present 
purpose, however, these secondary considerations will be disregarded. 

Fuel-Inventory Fixed Charge 

3.54 A charge associated with the value of the fuel ($3.43) must be 
applied. The Guide procedure was originally applied to  fuel owned by the AEC 
for which a lease charge of 4.75% per annum was applied. When the fuel inaterial 
is privately owned, fixed charges based on the funds invested in the material are 
applied. To simplify the desired identification of cost components, however, 
capital charges for privately owned fuel will be treated in the same manner as the 
lease charge but with an annual rate appropriate for nondepreciating capital.* 
The annual capital, or use, charge is applied t o  the cost of enriched uranium as 
uranium hexafluoride (UF,) according to  an official schedule of prices3 These 
prices are based on the cost of isotope separation in the gaseous-diffusion plants, 
the value of normal uranium hexafluoride being taken as $23.50 per kilogram of 
uranium. 

3.55 The use charge is payable not only on the fissile materia1 in the core 
but also 011 the fuel being fabricated, stored, cooled, and reprocessed. Since one 
approach to fuel-cost analysis is to  calculate separately all costs associated with 
each step, the time elapsed and value of material are necessary to  determine 
fixed charges. Although enriched material is privately owned, the corresponding 
fixed charges are determined throughout the fuel cycle by applying a carrying 

*The percentage to be applied may vary from that shown in Table 3.6 since it depends 
not only on the cost of money but also on  the tax structure. 
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charge t o  the average investment rate. Plutonium is treated in the same manner 
as enriched uranium; on the other hand, natural uranium, thorium, and depleted 
uranium are treated in the same manner as ordinary purchased materials, the 
charge being included in the fabrication cost. 

Fuel-Depletion Cost 

3.56 The depletion cost is the value of fissile uranium consumed during 
reactor operation. The charge is the difference between the value of the uranium 
loaded into the reactor and that discharged. Consumption of ‘U during 
reactor operation by fast-fission and radiative capture also causes the total 
weight of uranium discharged to be slightly less than that charged. If depletion is 
determined from the energy produced, the contribution of fissioning plutonium 
that inay have been formed in place from fertile * ‘U must be considered. 

Other Costs 

3.57 Of the other three costs, chemical processing and plutonium credit 
tend to  be about equal in importance, a t  least for nonbreeder reactors, whereas 
transportation is generally an incidental cost. Spent-fuel processing costs can be 
determined from a rate scale published by coininercial processors. Although 
economies of scale might tend to  lead to  future reductions as fuel-processing 
needs increase, cost forecasts are complicated by inflation and other factors, 
which could have an opposite effect. Current processing-cost scales are therefore 
appropriate for estimating. 

Calculation Methods 

3.58 It is helpful to keep in mind a pattern that is common to most 
calculation methods. For each fuel-cycle step, as shown in Fig. 3.5, the cost inay 
be divided into three categories: the cost of carrying out the operation in 
question, capital charges, and losses. The capital or carrying charges depend both 
on the value of the material being handled in the step and on the time required 
for the operation. 

3.59 In practice, fuel costs are normally calculated with various computer 
codes, which include the “fine structure” of present worth and other 
second-order effects. On the other hand, hand-calculation methods are more 
useful for illustrating the principles involved and the influence of changes in 
design parameters. One’ such procedure for pressurized-water reactors follows a 
so-called “seven-page’’ format’ ’ in which costs of the significant steps of the 
nuclear-fuel cycle are presented in chronological order. 

3.60 Fixed charges are determined from net capital depreciation and net 
carrying charges. Net mpital depreciation is the difference between initial and 
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final fuel investments, whereas net carrying charges are the cost of supporting 
the time-varying capital investment in the fuel region. Carrying charges include 
return on investment, federal income taxes, and state and local taxes. The 
approach can best be described by the following example: 

Example 

The unit fuel cost for a boiling-water reactor is desired, and the following 
data are available: 

Thermal output, Mw 3293 
Electrical conversion 32.8 

Load factor 0.80 
Number of fuel assemblies 164 
U 0 2  per assembly, Ib 487.4 

efficiency, % 

Equilibrium core averages (per kilogram of uranium initially charged) 

Charged, 235U,g  25.6 

Discharged 
Burnup, Mwd 
2 3 5 u , g  
236u ,  g 

239Pu, g 
240Pu, g 
2 4  Pu, g 
242Pu, g 

2 3 8 U ,  kg 

21.5 
6.19 
3.31 
0.95 3 
4.61 
2.07 
0.93 
0.36 

Fuel rnanagement, 255% of the core removed 
per cycle at equllibrium 

Assume $70 per kilogram of uranium as the unit fabrication price and annual 
carrying charge at  the following rates: 

Uranium and plutonium, % 13.2 
Working capital 12.8 

(fdbricatlon). c/o 

reprocessing (nontasable 
operating costs), 5% 

Spent-fuel shipping and I .2 

Nuclear-Fuel-Cost Estimate (Basis: One Reload Cvcle) 

1. Reference design parameters 
a. Region power, Mw(t) 

(3293/4) 
823.25 
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b.  

c. 

d. 

e. 

f. 

8. 

h. 

1. 

J .  

k. 

?Muo2 = *I64 X 487 4 X 0 454 kg/lb 
168,871 kg of UO2 

M u  = 168,871 X 
(0.0256)(235) + (0.9744)(238) 

(0.0256)(235) -t (0.9744)(238) -t (1.0)(32) 
=- 148,755 

Mu = I48,755/4 for region - 

Initial enricliment, wt.% 

(" 1000 x 100) 

Final enrichment. wt.% 

x 100) 
6.19 

( 9 5 3 + 6 . 1 0 + 3 . 3 1  

953 -t 3.31 -t 6.19 37,189), ( -1000 
Fissile plutc-nium produced, kg 

( 4.6;0+0;.Si3 ~ X 37,189) 

Discharge b' irnup, Mwd/tonne 

Full-power hours 

27,500 37,189 24) 
(1006 823.25 
Lifetime at 80% capacity factor, months 

29,814 
(0.8 X 24 >E) 
Thermal-energy output, 10' ' Btu 
(823.25 X 3/413 X lo3 X 29,814) 

Plant thermal! efficiency, % 

2. Monthly carrying charges 
a. 
b. 
c. 

Uranium and plutonium (1 3.2/ 12), 76 
Working capital (fabrication) (12.8/ 12), % 
Spent-fuel :;hipping and reprocessing (7.2/ 12), % 

FUEL COSTS 

2.56 

0.643 

37, 189 

35,794 

206 

27,500 

29.8 14 

5 1.76 

837.77 

I 
32.8 

1.1000 
1.0667 
0.6000 
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3. Average time periods (assumed) 
Months prior to commercial use 
a .  Procure U 3 0 8  
b. Complete conversion 
c. Complete enriching 
d. Coinplete fabrication 
Moiiths subsequent to refueling 
e. Complete spent-fuel cooling 
f. Complete spent-fuel shipment 
g. Complete uranium and plutonium reprocessing 

4. Initial investments 
Urati iu n 7  invest rn eti t s  required 
a. 
b. 

Uranium as enriched UF,, kg 
Uranium as natural UF, feed to  enriching facility, kg 

("'lg9 0.71 1 - 0.20 2.s6 - o.20* 

c. 

d. 
e .  

Uuits of separative work per kilogram of enriched uranium 
as UF, (from Table 7.4) 
Total units of separative work (37,189 X 3.356) 
Natural uranium feed for U 3 0 8  conversion facility, kg 
(17 1,754/0.995) (loss during conversion assumed 
to be 0.5%) 

Urunium investment 
f. U3 O8 (1  72,6 17 X 2.6 Ib U 3 0 B / k g  uranium X $7.50 

per pound of U 3 0 , ,  assumed ore price) 
g. Conversion (17 1,754 X $2.50 per pound of uranium, 

assumed conversion charge) 
h. Enriching (124,806 X $32.00 per unit of separative 

work, assumed) 
i. Initial uranium investment (3366 + 429 + 3994), 1 O3 S 
Fabrication investment 
j .  Unit fabrication price, $ per kilogram of uranium 
k. Fabrication investment (37,189 X 70), I O 3  $ 
1. Total initial investment (7789 + 2603), lo3 $ 

5. Final investments and credits 
Spent-fuel shipping investment 
a. Spent-fuel shipping investment (37,189 X $6.00 per 

kilograin of uranium initial, assumed shipping 
charge), I O 3  $ 

*From a material balance, Feed/Product = ( x p  ~ x, ) / (xf  - x w ) .  

12 
I O  
7 
2 

4 
7 
I O  

37,189 
171,754 

3.356 

124,806 
172,6 I7 

33\ 6 

429 

3994 

7789 

70 
2603 
10,392 

223 
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Reprocessing investment 
b. Recovery of uranium and plutonium in nitrate form 

(35,794 X $:;O per kilogram of uranium, assumed 
processing charge), I O 3  $ 
Conversion of uranium nitrate to  UF, (35,794 X 0.99 X 
$5.60 per kil agram of uranium, assumed conversion 
charge), IO3 $ (loss assumed t o  be 1.0%) 

d. Reprocessing investment ( 1  074 + I98), 1 O3 S 

Equivalent uranitm requirements for uranium credit 
e .  

f. 

c. 

Uranium as reprocessed UF6 (35,794 x 0.9871, kg 
(loss during i.epro~.cssing assumed to be 1.3%) 
Uranium as riatural UF, feed to  enriching facility, kg 

(35,329 X - 0.71 1 - 0.2 

g. 

h. 
i. 

Units of separative work per kilogram of enriched 
uranium as uF6  (from Table 7.4) 
Total units of separative work (35,329 X -0.066) 
Natural uranium feed for U 3 0 s  to  UF, conversion facility 
(28,489/0.9?5), kg (loss assumed to be 0.5%) 

Uranium credit 
j .  Equivalent L 3 0 8  investment (28,632 X 2.6 X $7.50 

per pound ol 'U308) ,  IO3 $ 
k. Equivalent c'mversion investment (28,489 X $2.50 

per kilograin of uranium conversion charge), lo3  S 
1. Equivalent enriching investment (-2332 X 32.00), IO3 5 
in. Uranium credit (558 + 71 - 7.9, l o 3  $ 

Plutonium credit 
n. Fissile plutonium credit (206 X 0.99 X SOOO), lo3 $ 

(recovery loss assumed as 1 .O% and plutonium value as 
$8.00 per gram) 
Total final investment (554 + 1631 - 223 - 1272), lo3 $ o. 

6 .  Uranium depleticn and carrying charges 
a. 
Carrying charges prior to commercial use 
b. On U 3 0 s  in\/estment, I O 3  $ 

Uranium depletion (7789 - 690), I O 3  $ 

( 3 3 6 6 X  1 2 X  ~ 

100 

c. On conversic'n investment, i o 3  $ 

1074 

I98 

I272 

35,329 

28.489 

-0.066 

-2332 
28.632 

558 

71 

-75 
554 

163 1 

690 

7099 

444 

47  

(429  X 10 X 100 
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d. On enriching investment, I O 3  $ 

( 3 9 9 4 x  7 x -  100 
l . l  i 

e. 
Carrying charges during commercial use 
f. 

Subtotal (444 + 47 + 308), l o 3  $ 

On average uranium investment, io3  $ 

Carrying charges after refueling 
g. On uranium credit, lo3  $ 

(554 x 10 x __ 100 l . l  ) 
h. Total uranium carrying charges, 1 O3 $ 

(799 + 2375 + 61) 

7. Fabrication depreciation and carrying charges 
a. 

Carrying charges 
b. 

Fabrication depreciation (2603), IO3 $ 
(no salvageable value from fabrication process) 

Prior t o  commercial use, I O 3  $ 

100 

c. During commercial use, 1 O3 $ 

( Y X  51.76X- 
100 

d. Total fabrication carrying charges (719 + 56), I O 3  $ 

8. Spent-fuel shipping and reprocessing 
Capital accumulatiotz and carrying charges 
a. Spent-fuel shipping accumulation (223), 1 O3 $ 
b. Reprocessing accumulation (1272), l o 3  $ 
c. Total accumulation (1272 + 223), l o 3  $ 
Carrying charges displaced by accumulations 
d. During commercial use, I O 3  $ 

(y X 51.76 X ~ 

100 

e. After refueling, I O 3  $ 

308 

799 

2375 

61 

3235 

2603 

56 

719 

775 

223 
1272 
1495 

23 2 
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f. 

Since the capital accumulations and carrying charges for fuel shipping 
and reprocessing ars: collected in advance from revenues obtained from 
the sale of energy during the “commercial use” period, carrying charges 
appear as a credit to  the fuel-cycle cost. 

Total displaced carrying charges (232 + 86), l o 3  $ 318 

9. Plutonium appreciation and carrying charges 
a. 
Carrying charges 
b. 

Plutonium appreciation (1631), l o 3  $ 

During commercial use, I O 3  $ 

1631 

464 

c. After refueling,, IO3  $ 179 

IO0 

d. Total plutonium carrying charges (179 + 464), I O 3  $ 643 

Note: In  this a p p r x c h  bred plutonium is an investment on which 
carrying charges arl? applied and a fuel-cycle expense. 

10. Summary 

a. Uranium depletion (6a), l o 3  5 
b. Fabrication depreciation (7a), lo3 $ 
c. Spent-fuel shipping and reprocessing capital 

accumulation (8c), IO3 $ 
d. Plutonium appreciation (sa), I O 3  $ 
e. Net capital depreciation ( l o a  + 10b + 1Oc - IOd), IO3 $ 
f .  Uranium carr)ing charges (6h), lo3 $ 

g. Fabrication csrrying charges (7d), I O 3  $ 
h. Spent-fuel shipping and reprocessing carrying 

charges displaced (8f), 1 O3 $ 
i. Plutonium carrying charges (9d), IO3 $ 
j .  Net carrying charges (10f + 1Og ~ 10h + lOi), IO3 $ 
k. Total fuel cost (1Oe + lOj ) ,  IO3 $ 
1. Thermal-enerE:y output ( l j ) ,  10’ ’ Btu 
m. Total unit energy fuel cost (10k/101),(t/106 Btu 
n.  Plant thermal efficiency ( l k ) ,  % 
o. Total unit energy produced fuel cost, niills/kw-hr 

( l O m  X 3.412 X - 
1 O n  

FUEL COSTS 

kd 

7099 
2603 
1495 

1631 
9566 ,  
3235 
77s 
(3 18) 

643 
433s 
13,901 
837.77 
16.59 
32.8 
1.73 
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3.61 For operational analysis and planning, the operator of the nuclear 
power station needs accounting procedures more exact than those provided by 
hand-calculation methods such as the one described. Digital-computer codes 
have therefore been developed for this purpose. Although the mathematics of 
such codes are relatively simple compared with those used for nuclear design, 
these codes can perform a great deal of otherwise laborious data manipulation. 
Two widely used codes are CINCAS' 

3.62 Such codes offer a wide variety of options, which provide for both 
accounting and engineering economy needs. Costs may be allocated on either an 
energy or an elapsed-time basis. For example, some of the features provided by 
CINCAS are: 

1 ,  Monthly calculation of dollar costs and mass inventory on a batch, core, 
and case basis for each month that the fuel is considered to be in service. 

and FUELCOST.'' 

2 .  
3 .  
4. 
5. 
6. 
7 .  
8. 
9.  

10. 
1 1 .  

Variable monthly batch heat-production rates and plant efficiencies. 
Allocation of costs by heat production. 
Fuel weights of uranium and plutonium on a burnup-dependent basis. 
General formula for calculation of enrichment costs. 
Flexible output editing. 
Results in dollars, mills per kilowatt-hour, and cents per I O 6  Btu. 
Burnup-averaged costs. 
Present-worth and levelized costs. 
Package fuel purchase or sale options. 
Cash-payment-schedule editing. 

The calculations are generally based on a model that follows the economic 
picture given in Fig. 3.6. 

3.63 Several other methods also widely used for comparing alternate 
concepts lend theinselves to  computer programming. For example, Dragournis, 
Cademarton, and Milioti* ' consider just  two components in fuel-cycle costs: the 
fuel-cycle operating expense and the capital charges on the investment of 
materials in the cycle. Flow of cash, revenues, expenditures, and the amortiza- 
tion of the investment receives primary attention. The development of a single, 
levelized, total fuel-cycle cost over the lifetime of the nuclear plant is an 
important feature. The approach equates the 30-year present-worth sum of 
fuel-cycle costs with the 30-year present-worth sum of revenues, assuming a 
lifetime levelized revenue requirement, or cost, L,  for electrical energy. Thus 

5 PiFiKi 
L = i = l  (3.3) 
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where Pi is the present-worth factor for the i th  irradiation period based on the 
composite rate of rl:turii on investiiient, Fj is the calculated power cost 
(mills/kw-hr) for the (th irradiation period, and Ki is the net electrical power 
(kw-hr) produced during the ith irradiation period. The product FjKi is given by 

where 

The coinponents in Eq. 3.4 denote values, times, and interest rates for a given 
irradiation period and ire defined as follows: 

VJC = operating e.upense related to the new fuel elements added to the core 
for each irrxdiation period 

Vf  = operating expense for the replacement fuel supply required at the 
beginning of each irradiation period 

V, = operating expense associated with fuel recovery after each irradiation 
period and is equal to the difference between the recovery cost for 
the batch reprocessed and credit received by the utility for net 
recovered uranium and plutonium 

VFE = initial value of the investment in the total number of fuel elements 
comprising the first complete core 

i = annual fixed-charge rate 
a = amortization rate over the lifetime of the investment given in this 

s tudy as 0.01 I6 (30 years, 6.50%) sinking-fund factor 
VF = initial value of the fuel in the first complete core 
At = length of th,: irradiation period in years 
Vs = net scrap value of the recovered fuel froin the entire core after the 

final irradiation period and is equal to the credit received for the 
recovered fuel less the recovery cost 

OPERATION AND MAINTENANCE COSTS 

3.64 Operation a/id maintenance expenses, the third category of nuclear 
power costs, include !the direct and indirect payroll, the cost of materials, 
coolant makeup ( inchl ing  D2 0), and general supplies. Miscellaneous operation 
and maintenance costs ‘include such items as public relations, new-staff training, 
rents, and travel. The category also includes liability insurance and the fixed 
charges for the working capital to pay for the items in the category. Nuclear 
liability insurance combines commercial coverage limited to  $82 million with 
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TABLE 3.8 

Summary of Annual Direct Costs for Plant Operation and Maintenance* 

Annual cost 

750 Mw(e) 1000 Mw(e) 1500 Mw(e) 

Staff payroll and fringe benefits $709.000 
Consumable supplies and equipment 340,000 

Miscellaneous 70.000 
General and administrative 

186,000 
Nuclear liability insurance 300,000 

Outside support services 120,000 

(15% of total of four  items above) 

350,000 ____ Property damage insurance  

Total annual direct costs 52.075,000 
(excluding fuel) 

S726,000 
400,000 
140,000 
80.000 

202.000 
340,000 
4 10.000 

$2,300.000 

$752,000 
500.000 
175.000 
95.000 

228,000 
430,000 
470.000 

c 2.650,000 

*For boiling-water and pressurized-water reactors. 

TABLE 3.9 

Working-Capital Requirements for Operation and Maintenance* 

, Item Capital basis 
~~~~ ~ 

Average net cash required 
2.7%, of annual direct operation and maintenance cost excluding 

nuclear liability insurance '.. S 42.000 
50% of insurance annual cost 375.000 

Consumable supplies and equipment $340.000 
85.000 

Total operation and maintenance working capital $502,000 

Annual cost (13.8% rate) $ 69.000 

Materials and supplies in inventory 

25%> of annual cost of materials and supplies 

*For a 1000-Mw(e) pressurized-water reactor 

government indemnity having a yearly premium charge of $30 per megawatt of 
heat to  provide a total coverage of  $560 million. 

3.65 Typical values for the direct-cost items for several sizes of Iight-water- 
reactor plants are shown in Table 3 8 For developing the workingcapital 
contribution (§2.48), the Guide3 suggests the procedure in Table 3 9 for the 
1 OOO-Mw(e) example Although some variations in manpower requirements, 
maintenance supplies, and other items are likely to exist for different types of 
plants, the costs involved represent only a minor component of the annual 
charges for power production. Furthermore,these charges may be assumed to be 
only moderately dependent on reactor size Interestingly, estimated operation 
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and maintenance costs for lOOO-Mw(e) nuclear plants are not very different 
from those for coal-fired plants of the same capacity. Although a higher level of 
training is required foi. nuclear-plant personnel than for coal-plant personnel, the 
substantial size of th': staff necessary for coal handling and maintenance is 
eliminated. Operating ;ind maintenance costs of about $2.4 million per year for a 
1000-Mw(e) plant cori-espond to  about 0.34 mill per kilowatt-hour, or about 5% 
of the cost of energy g:neration. 

TOTAL ENERGY PRODUCTION COSTS 

3.66 The total energy cost on an annual and a kilowatt-hour basis is 
obtained by adding th: amounts in the various categories as shown in Table 3.10 
for a 1 OOO-Mw(e) pressurized-water reactor and following the proFedure given in 
the Guide. Actual valiles for such a system may vary, of course, depending on 
design, economic, and other parameters. Attention has been given here primarily 
to one applicable approach. Other approaches are equally satisfactory as long as 
they are consistent. 

TABLE 3.10 

Format for Summarizing Costs of Electric Energy Generation 

Fixed- Annual Uni t-energy 
charge cost or cost or 
rate, 

Capital 
cost, revenue, revenue, 

% 103 $ mills/kw-tu 1 0 3  $ Cost component 

Plant investment 
Depreciating assets 312,000 14.7 45,864 
Nondepreciating assets 1,000 13.8 138 

Subtotal 46,002 6.08 

Fuel 

Operation dnd maintenance 
Total fuel cost 12.89 1 7 0  

Direct cost 2,300 
Working capital 502 13.8 ~ 69 

Subtotal 2,369 0.34 

_ .  Total electric energy generation cost 8.12 

TECHN ICAL-ECONOM IC INTERRELATIONS 

3.67 Cost components and the many parameters affecting them influence 
the engineering desigr of the reactor system markedly. Although a number of 
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these interrelations will be brought out later, some of the parameters associated 
with fuel-cycle cost components are mentioned here. I t  is important to  realize 
also that a change in one cost category may well affect another category. Since 
reduction in fuel-cycle costs could also conceivably be offset by an increase in 
capital costs, the design variables related t o  the fuel cycle must be chosen to  
provide the lowest nuclear energy cost, not the lowest fuel-cycle cost. 

3.68 As a basis for discussion, the general behavior* of light-water-reactor 
cost components (on a unit-energy basis) as a function of burnup is shown in 
Fig. 3.7. Several competing factors contribute to the shape of the curves. As 
burnup is increased, the cost of fabricating the core and reprocessing it can be 
allocated to  a larger number of kilowatt-hours produced during the longer 
exposure time. Hence such costs, which apply t o  a batch of fuel elements when 
expressed on the basis of unit energy produced, tend to  decrease. On the other 
hand, if reactivity of the reactor is t o  be maintained during the longer exposure 
period, fuel having a higher enrichment than that required for a shorter exposure 

3.0 

+ 2.0 
z 
Y 
1 - - . _  
E 
c' 
v) 
0 
0 
1 
w 

1 0  

- Processing 

Workinq capital I 
0 
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FUEL BURNUP. Mwditonne of u r a n i u m  

Fig. 3.7 Fuel-cycle cost components as a function of burnup. 

*Costs shown are only relative and are not necessarily representative of current practice. 
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POWER-SUPPLY ECONOMICS 

is necessary. Because of the increased cost of this enrichment, the atoms of 
* 3 5  U that fission in the longer burnup fuel are more expensive. The necessary 
higher investment per fissile atom of fuel also results in higher interest charges. 
This somewhat simplified picture is complicated, however, by the influence of 
the bred plutonium. A Ithough the amount of plutonium discharged and available 
for sale does not incr1:ase much with increased fuel exposure, more plutonium 
atoms are fissioned while they remain in the core. This sharing of the 
energy-production 1o;id by plutonium therefore results in somewhat less 
depletion of 2 3 5 U  than would otherwise be the case. Despite this effect the 
depletion cost rises slightly with increased exposure. 

3.69 This preliminary picture does not consider the probable need for 
certain design changes in the fuel element to  enable it to withstand the desired 
increased exposure. For example, it may be necessary t o  increase the thickness 
of the cladding t o  contain the increased quantity of fission gases released. In 
addition to  increasing the cost of fabricating a fuel element, such a change, 
particularly if the cladding is stainless steel, would result in an increase in 
neutron absorption, which, in turn, would have to be compensated for by fuel 
with higher enrichment. Similarly, the need to provide for compensation for the 
reactivity change associated with long-burnup fuels could result in inefficient use 
of neutrons by capture in control rods, burnable poisons, and accumulated 
fission products with consequent economic penalties. The conflicting trends in 
Fig. 3.7 show that it is possible to design for an optimum fuel burnup. An 
analysis of all the economic, neutronic, and engineering factors contributing to  
the determination of this optimum point is by no means simple. Changing 
economic conditions (c:.g., interest rates, separative-work charges, and uranium- 
ore costs) as well as shifts in reac tor  load requi rements ,  all occurr ing dur ing  the  
projected lifetime of the reactor, further complicate the determination of such 
an optimum. 

POWER-SUPPLY ECONOMICS 

3.70 An estimate of total energy costs for a particular nuclear plant may 
represent only one part of a larger economic analysis concerned with 
power-supply planning. Management decisions concerning proposed new generat- 
ing facilities require a ;  complete picture of available options and parametric 
effects. I 

3.71 Fossil-fuel cclsts required for a break-even point with nuclear power 
can be studied, for example, as a function of fixed-charge rates. Compared with 
coal plants, nuclear stations tend to have higher construction costs but lower 
fuel costs. A rise in fix.d-charge rates therefore tends t o  favor the coal system. 
On the other hand, a :enera1 rise in labor costs would affect the cost of coal 
much more than that ol’ nuclear fuel.2 
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. 3.72 Since it is generally necessary to build steam power plants in large 
sizes t o  achieve favorable unit costs, factors such as tlie availability of cooling 
water, siting problems, load p ns, and transmission costs may make it 
desirable to consider as an altern number of smaller-size gas-turbine facilities 
that could meet local needs. I important to remember that transmission 
facilities have associated wi th ,  them substantial fixed charges that are also 
sensitive to  changes in economic conditions. 

3.73 From the viewpoint of utility planning, the economics of power 
supplies is therefore quite complex with many parameters that lend themselves 
to analysis by systems-engineering techniques Some of the optimization 
approaches that may prove useful are considered in Chap. 9 However, in 
developing a system model for optimization, which includes both technical and 
economic parameters, one should keep in mind tlie probable relevance of both 
advancing technology and economic trends. 
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I NT ROD UCT ION 

4.1 Since power reactors exist primarily to  produce useful energy from heat 
generated in the fuel, heat-transfer and thermal-transport parameters are 
important in the design of the reactor plant. In  a typical system the 
thermal-transport path proceeds from a point of fission energy deposition within 
a solid fuel, through layers of fuel, through gas at the interface of fuel and 
cladding, and then through the cladding to  the interface with a fluid coolant. 
The heat transported into the body of the flowing coolant then causes the 
temperature of the coolant to  rise. The coolant transports absorbed energy to  a 
heat exchanger in which steam is generated, and the steam is then expanded in a 
turbine generator to produce electricity. Since there are also spatial variations, 
transient effects, and a dependency upon neutronic parameters, the actual 
thermal-hydraulic picture is complex.' 

4.2 Thermal-transport considerations strongly influencing the design of the 
nuclear steamsupply system are emphasized here rather than all the relevant 
heat-transfer principles, which are discussed e l ~ e w h e r e . ~ , ~  To pinpoint the 
thermal-transport topics, we shall consider the balance between design objectives 
and restrictions that limit the specifications. For example, a high core power 

. 
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density (kilowatts/litei-) reduces the reactor vessel size, whereas a high fuel 
specific power (kilowatts per kilogram of uranium) reduces the fuel inventory 
needed. In ceramic-fueled water reactors, this desire for a minimum amount of 
fuel in a minimum cor(: volume is restricted both by the temperature that can be 
tolerated in the fuel and by the heat-transfer behavior a t  the cladding-coolant 
interface. Therefore it is important to  examine the thermal performance of a 
fuel element and the nature of the thermal-flux limitations at the cladding- 
coolant interface. 

4.3 Two other types of effects are of major importance to  the designer: (1 )  
variations in power distribution spatially and with time and (2) transients from 
abnormal operating situations. The power distribution may vary with time as the 
fuel is depleted and also as the result of different fuel reloading strategies. The 
thermal consequences of start-up, shutdown, and inadvertent operating situations 
must be considered in the safety analysis as well as the detailed effects of various 
postulated accidents. Many of these possibilities are considered in Chap. 6. 

4.4 Significant in fuel-element design but only partially related to  the 
thermal behavior is the, maintenance of element integrity during burnup and in 
the event of a power transient. Fission-product accumulation, fuel swelling, and 
cladding deformation must all be considered in the design analysis of the core. 

REACTOR THERMODYNAMIC SYSTEM 

INTRODUCTION 

4.5 The temperature levels of the coolant system provide a basis for the 
core-temperature pattern and hence represent a good starting point in the 
discussion of thermal transport. This coolant-temperature behavior, however, 
depends on the system thermodynamic cycle. 

4.6 The use of the thermal energy released by the fuel and the 
corresponding rejection of waste heat to the environment depend, of course, 
upon the thermodynamic efficiency of the heat power cycle. Thus thermo- 
dynamic-cycle parameters also concern the designer from this point of view. 
Optimization may be in order if capital costs must be increased t o  improve the 
thermal efficiency. In fact, steam cycles have been studied for many years as 
components of fossil-fuel power plants, and quite complex systems have been 
developcd to  achieve efficiencies as high as possible for a given set of steam 
conditions. However, t,o examine some of the basic features of the steam cycle, 
we shall consider first very idealized system such as that shown in Fig. 4.1. 

4.7 The coolant fluid, which is heated in the reactor, is pumped to  a 
separate steam generator, in w h c h  the heat is absorbed by the thermodynamic- 
cycle fluid. Useful energy, usually as electricity, is then produced by expanding 
the steam in a turbine, condensing it, and recycling the condensate to  the steam 
generator, as might be done for a conventional fossil-fuel power plant. However, 
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Fig. 4.1 Simple indirect steam cycle. 

a practical cycle is much more complicated than that shown since some 
efficiency can be gained by the reheating and partial expansion approaches 
developed by the power industry over many years. 

4.8 The nature of the temperature-driving forces associated with thermal 
transport is shown in the temperature-entropy plot of Fig. 4.2. Heat from the 
fuel element is absorbed by the primary coolant. The coolant and the fuel 
element are each assumed at  constant temperature. with a thermodynamic 
irreversibility necessary for the transfer of heat from the fuel-element tempera- 
ture, T I ,  to  the coolant temperature, T 2 .  The heat absorbed in the primary loop 
is then rejected in an intermediate heat exchanger (steam generator) to  the 
working fluid in the secondary loop. For the idealized case no loss in 
temperature in the primary loop is assumed, but, again, an irreversibility is 
necessary t o  accomplish the heat transfer from the primary loop temperature, 
T 2 ,  to the secondary loop temperature, T 3 ,  assumed as constant, Mechanical 
work is then extracted from the secondary coolant in the usual way, as indicated 
by the cycle, A, B, C, D, E, with the irreversibility associated with the turbine 
expansion indicated. A heat-transfer irreversibility is, of course, associated with 
the heat rejection from the cycle to T 5 .  Since temperature T5 depends upon the 
heat-sink temperature available, efficiency is increased if temperature T 3  is made 
as high as possible. 

4.9 By contrast, the temperature-entropy pattern for a variable- 
temperature heat source is shown in Fig. 4.3. A nonvaporizing primary coolant 
increases in temperature as it absorbs energy from the fuel, as shown. In sodium 
systems an intermediate loop is normally used between the primary coolant loop 
and the vaporizing working fluid. Such a system is also illustrated in Fig. 4.3, 
where a counterflow heat exchanger minimizes the irreversibilities associated 
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with the necessary heat transfer. An important design parameter is the point of 
minimum temperature difference between the two lines, called the pinch point. 
If the temperature difference at the pinch point is small, the process tends to  be 
less irreversible, but a greater investment in steam-generator heat-transfer area is 
needed. The trade-off between efficiency and investment therefore requires 
optimization. In practicz, the pinch point tends to  be between 20 and 40°F. 

Fuel element -- 

Primary 

coolant 
w T2 - 

r 1 
Heat sink 

Heat rejected 

I - 
ENTROPY 

Fig. 4.2 Idealized thermal-transport and power-cycle system. 

~ 

4.10 Practical steam cycles include more features than those shown in Fig. 
4.3. For example, a temperature-entropy diagram for a pressurized-water 
reactor is shown in Fig.; 4.4, still on a somewhat idealized basis. Cycle efficiency 
i s  improved without hcreasing the maximum pressure or temperature by 
partially expanding hi&/-pressure steam from state 1 to 2 and reheating it from 
state 2 to  4 before expzlnding lower pressure steam from state 4 t o  5. The reheat 
steam cycle is similar to  that for a conventional fossil-fuel power station except 
that moisture separation must be provided for since the steam entering the 
high-pressure turbine is !;ahrated rather than superheated. Figure 4.5, a complete 
flow diagram for the st:am and power conversion system of a pressurized-water 
reactor, is quite complex in contrast to  the simplified cgcles discussed. 
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Fig. 4.3 Coolant-loop and working-fluid temperature-entropy pattern. 

1 
ENTROPY 

Fig. 4.4 Steam cycle for a pressurized-water reactor. 
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TEMPERATURE PATTERN 

4.1 1 The therma -transport and energy-conversion system temperatures 
serve as bench marks for much of the reactor system design. These are not 
independent. however, but are subject to iterative adjustment. The nature of the 
coolant, of course, has an important effect on the pattern. Liquid-metal and, to 
some extent, gaseous coolants characterize high-temperature high-power-density 
systems, but water cooiants operate at temperatures of the order of 500°F. 

4.12 A number of factors must be considered in choosing a coolant- 
temperature rise. I n  2.ddition to being influenced by the interplay between 
circulation rates and the fuel-element temperature pattern, the higher coolant- 
temperature limit is governed by the properties of the containment materials, 
and the lower limit depends on practical circulation temperatures. The 
introduction of cold coolant past the reactor core under “scram” conditions 
must also be considered. Thermal shocks, possible if the temperature of the 
entire coolant became as low as the inlet temperature, might well introduce 
structural design problems. Generally, the higher the differential tenlperature 
through the reactor, the more severe this requirement is and the greater the cost. 
An optimization study is therefore appropriate. It should be mentioned that 
sodium-cooled reactors can involve temperature rises as high as 400°F compared 
with rises of 40°F which are common in pressurized-water systems. 

4.13 The temperature conditions may be determined as in Fig. 4.6 for a 
typical sodium system. First, assume that a steam pressure of I200 psia has been 
found appropriate. Thl:n select the reactor-outlet temperature, considering the 
materials available and the primary system design with 1000°F assumed here. 
Next, by choosing a 50°F driving force across the intermediate heat exchanger 
and steam generator ;is reasonable, the intermediate-heat-exchanger outlet is 
fixed at 950°F and i.he steam temperature a t  900°F. On a temperature- 
enthalpy diagram, a vertical line can then be drawn from the steam conditions of 
900°F and 1200 psi (point 1) to  the 950°F temperature line. A line may then be 
drawn on the diagram (describing the path of the secondary sodium temperature 
from a point 40°F higher (pinch point) than the water-saturation line at  the 
steam pressure (point 3). If the temperature rise through the reactor has been 
determined as 400”F, the intermediate loop return temperature will be at 
550°F. The diagram lin’: is then extended t o  point 4, where it intersects with the 
550°F line. A vertical line is then drawn to the water-saturation line which fixes 
the feedwater temperatipe at 430°F. 

I 

SOME COOL ANT-SYSTEM DESIGN CONSIDERATIONS 

The Primary Coolant System 

4.14 In addition to transporting heat generated in the core to  a heat 
exchanger, the primary coolant system contains any fission products released 
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Fig. 4.5 Steam and power conversion system. 
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Fig. 4.6 Temperature condition selection. 

from the fuel elements. I t  also cools the fuel in the core in the event of a 
shutdown or reactor transient. The coolant can flow either upward through the 
core or downward. The upward flow pattern, by far the most common, provides 
the advantage of consistency with natural circulation. Furthermore, an impor- 
tant disadvantage of a downward flow pattern is the need for sealing the reactor 
plug, or cover, against the inaxi~nuin pump-discharge pressure. Hydrodynainic 
problems also occur with the upward flow pattern, however, since the core must 
be kept from rising as a result of the pressure differential between the inlet at 
the bottom and the outlet at the top. Such a differential, a result of the friction 
loss through the core, can be of the order of 35 psi and produces substantial 
upward forces. 
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4.15 Generally, ttie smaller the number of coolant loops, the lower the 
component cost is. This may not be true, however, if such major components as 
circulating pumps are of undeveloped size or of special design. The same 
consideration holds triie for heat exchangers. Efficient use of building space is 
also important. For zxample, three loops can generally be spaced more 
efficiently than one 01 two loops. Emergency cooling also requires considera- 
tion, perhaps using on1 one loop with a special type of circulation arrangement. 
Generally, four loops can be accommodated in a building smaller than that 
necessary for an equiv: lent two- or three-loop design, since the components are 
smaller. Either three 01, four loops are ordinarily appropriate. However, for large 
reactors, five, six, or more loops may be desirable. 

Primary and Secondary Coolant Loops 

4.16 The need f o -  a secondary loop system depends on the coolant fluid 
and thermodynamic LJorking fluid. The simplest system using steam is the 
direct-cycle boiling rea:tor in  which the steam is formed directly in the reactor 
core and then expandi:d in the turbine generator. Although some boiling may 
take place in the core (if a pressurized-water reactor, an external steam generator 
produces the steam ex landed in the turbine. The ‘type of system norinally used 
for sodium is more i:omplicated; both a primary and a secondary sodium 
circulation system are iised to  transport energy to the steam generator, and three 
independent coolants are therefore involved. 

4.17 Although a primary coolant system used alone in a sodium system 
would cost less to  in:;tall, an intermediate-loop system is usually considered 
necessary for safety aiid reactor coiitaitiiiietit. I f  ail in te rmedia te  loop is used, 
the reactor-containmeiit structure can be designed to accommodate only the 
primary coolant systi in, which includes no water-containing components. 
Steam-generator failures, with water possibly entering the sodium system, could 
then be isolated from .he primary loop containing radioactive sodium activated 
in the reactor. The containment-vessel design is also simplified by the addition of 
an intermediate loop s rice attention need be given only to  the liquid metal-air 
reaction, and not to  the liquid metal-water reaction, possible if the steam 
generator were contained therein. Also, a steam generator external to the 
containment vessel is ac:cessible for maintenance. 

FUEL-ELEMENT THERMAL PERFORMANCE 

4.18 Since the fut.1 element is where energy is released by fission, its design 
depends on the way gc nerated heat can be transported through the element to a 
circulating heat-transfc r medium without producing temperatures that could 
cause failure of the element. The word “failure” in this sense can mean a change 
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in physical properties, or dimensions, as well as melting or corrosion. I n  a general 
sense, therefore, “failure” is a loss in the functional abilities of the fuel element. 
The thermal design of a fuel element is therefore concerned with the effect of 
temperature and thermal transport on the fuel element. Although such 
parameters as thermal input, fuel-rod-material properties, rod diameter, and 
coolari t characteristics can lead to a workable thermal design, economic arid 
neutronic parameters are also pertinent to an optimized design of a fuel element. 

4.19 The thermal design of a fuel element must m e t  certain criteria: 
1 .  The inaximum temperatures must not lead to  deterioration of the 

niaterials. 
2. Stresses from the combined effects of thermal gradients and accumulated 

fission gases should lie within limitations of design practice. Thermal stresses 
depend on the temperature gradient, and the rate of gas evolution depends on 
temperature and fission rate. The possibility of cladding creep or einbrittleinent 
can also limit the burnup. 

3. The thermal flux must be below that which would lead to the so-called 
critical heat flux, in which coolant boiling instabilities occur. 

4. The thermal and hydraulic design can be related to nuclear-stability 
criteria through coolant-void limitations. 

The heat flux and temperature profile depend on each other, of course. The 
determination of the temperature profile is therefore the “key” to  fuel-elemeilt 
thermal analysis. 

FUEL-EL EMENT TEMPERATURE PROFILE 

4.20 A review of the sequence of thermal flow is useful as a guide to  the 
parameters that affect a temperature profile such as that in Fig. 4.7 for an 
annular fuel pellet. Energy is generated in the fuel volume at a rate depending on 
the fission rate and not on inherent coinbustion limitations, which apply, for 
example, to  fossil-fuel plants. From the point of generation, the energy flows 
through fuel material, through a possibly gas-filled region between fuel and 
cladding material, through cladding inaterial to an interface with a coolant, and 
finally through a portion o f t h e  coolant which will transport the energy from the 
core. 

4.21 At a given power level, the temperature in the fuel depends both on 
the temperature gradient through the various inaterials in the flow sequence and 
on the bulk temperature of the coolant a t  the point along the length of the fuel 
element being studied. Starting with the coolant temperature, which we may 
consider a reference temperature, arid using known temperature gradients, we 
can determine the actual temperature profile in the element. 

4.22 As shown by the Fourier heat-flow equation (Eq. 4.1), the respective 
temperature gradients depend on the heat-flow rate, which, in turn, depends on 
the power being generated and the therrnal conductivity, 
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I-+ RADIUS OF PIN 

Fig. 4.7 Temperature distribution in fuel pin. 

d t  1 q 
dx k A 
- = - - -  

where dt/dx is the graiient in the x direction, k is the thermal conductivity, and 
q /A  is the heat flux. A the fluid-cladding interface, 

where h is the heat- transfer coefficient. The coolant reference temperature 
depends, of course, 0'1 the temperature rise through the core, which, in turn, 
depends on the coolai t  circulation rate, coolant propertles, etc. In the actual 
calculation, a number of other factors must be considered, such as accounting 
for the volumetric riature of the heat generation, geometric effects, and 
parameters that affect the heat-transfer coefficient. 

4.23 For most purposes the fuel-element radial temperature distribution 
can be obtained by asuming a uniform volumetric heat source in a conduction 
problem. Although solutions of the pertinent equations are readily available for 
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a number of different geometries, the cylinder case is given here since it is so 
widely applicab!e. 

Consider a thin cylindrical section of thickness dr at tlie radius r .  I n  tlie 
steady state the heat-rate balance requires that 

Heat conducted out of cylindrical section - heat 
conducted into cylindrical section = heat generated 

in cylindrical section of thickness dr 

or for unit length in the axial direction 40u = 4 at (r + dr) and qi, = q at  r ,  or 
according to the heat-conduction, or Fourier, equation 

4 = -  
dt 

k( 2nr) - dr 
d t  4in = - k(2nr)- dr 

(4.3a) 

(4.3b) 

n 

and 

(4.3c) 

then 

(4.3d) d 2 t  q o u t  - qi, = -2nk ( 5 t r - p )  dr  = Q(r) 2nr dr 

Since qgenera ted  = Q(r) 2nr dr where Q(r) is the volumetric heat source, the 
equation for the cylinder in the steady state reduces to  
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-k - + r z  d r = Q ( r ) r d r  (2; 3 
or 

(4.4a) 

(4.4b) 

This is a particular for n of the general equation for the steady state in a system 
with an internal sourc:e; namely, -k V 2 t  = Q(r) ,  where V 2  is the Laplacian 
operator. 

The general solutio 1 for Eq. 4.4b is 

The boundary conditic ns in the present case are dtldr = 0, r = 0, and t = t , r = 
a. Therefore the approliriate solution is 

t - r I  =-(a2 Q - r 2 )  for O<r <a (4.4d) 

where t is the temperature at the radial distance r .  If t o  is the temperature along 
the central axis, where = 0, then 

4k 

Qa t o  - t 1  =- 4k (4.5a) 

for the temperature drc p across the fuel itself. 

convenient to express 1 q. 4.5a as 
4.24 Where thc t iermal conductivity, k ,  changes with temperature, it is 

It: k ( t )  d t  =- e a 2  
4 (4.5b) 

This parameter is characteristic of the material for a given temperature range. 
Another useful paranieter is the heat-generation rate per unit length of 
cylindrical fuel element, q L .  Since q L  = Q ( m 2 ) ,  

Qa2 = q ~  
1 4 4n 

jtto k(t) d t  = (4.5c) 

The temperature difference between axis and surface of round rod with 
uniform heat generation therefore depends only on the linear heat load and is 
independent of the roc1 diameter, even when thermal conductivity varies with 
temperature. Experime ita1 measurements may be used to  determine the value of 

J," k dt 

Experimental determination of the thermal conductivity itself for ceramic fuel 
inaterials is difficult s nce substantial temperature gradients are present in a 

1 
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sample under study and the property desired is dependent on the te~npera ture .~  
Furthermore, some fuel materials such as oxides tend to  fracture and change 
characteristics during heating and in-pile irradiation, which makes generalized 
correlation difficult. The designer should therefore consult current literature for 
needed values. 

4.25 Design requirements for some reactors fueled with oxide, for example, 
permit n o  center melting of the fuel in the hottest spot in the core. 
Experimental evidence in the range of fuel-rod diameters under consideration 
may show that center melting does not occur until the linear heat load, q L ,  
exceeds 20 kw/ft. If the design specification is 16 kw/ft, the ratio 16/20 
provides a measure of the design conservatism. Tabulations are frequently made 
of j k dt which also may have the units of kilowatts per foot. The conversion, 
j k d t  X 471 = qL should not be overlooked, however. 

4.26 Solutions can be developed for various other geometrics as well as 
other types of cylindrical systems. For a hollow cylinder of radius a ,  inner radius 
b,  externally cooled, with internal heat generation, the equation is 

The second term in brackets on  the right-hand side of Eq. 4.6 can be interpreted 
as a measure of the reduction in center t o  outer surface-temperature difference 
obtained by using a hollow configuration instead of a solid cylinder a t  the same 
linear heat rate. 

4.27 Another useful parameter is the heat flux, the heat rate per unit area, 
which is obtained from the power per unit length by the relation 

4 L  
q A  (at radius a)  =- 27ia (4.7) 

The heat flux is very useful in determining other components of the temperature 
distribution, such as the temperature drop across the gas gap between the 
cladding and the fuel and the temperature drops associated with the cladding 
and coolant film. In each case the radius appropriate to the resistance must be 
used. For example, the relations for the temperature changes across the gas gap,* 
cladding, and coolant film as shown in Fig. 4.7 can be written as follows: 

4 L  -- 
“gap  - 2nahgap 

4 L  (clad t h i c k n e s s )  

27rr L M kc  lad 
Atclad = 

(4.8a) 

(4.8b) 

In the cladding a logarithmic mean radius (LM) is appropriate. However, the 
arithmetic mean radius is normally an adequate approximation. 

*A typical value ,for UOz pellet-clad gap conductance with fission gas in the gap is 
1000 Btu/(hr)(sq ft)( F). 
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4.28 In thermal reactors the power generation is actually noi  uniform 
across the diameter bl!t is depressed a t  the center because of self-shielding, in 
which absorption by o i te r  layers of fuel tends t o  deplete the supply of neutrons 
of a given energy reiching the center. Therefore, in light of the central 
temperature limitation a uniform power distribution is a conservative assump- 
tion for design. 

4.29 The designer must also consider the effect of burnup on fuel-material 
physical properties. For example, for U 0 2  both the melting point and the 
thermal conductivity ;ipparently decrease as burnup increases. Therefore the 
permissible linear heat rating must be reduced as the burnup specification is 
increased if central-pin melting is to be avoided. 

OXIDE PIN BEHA VIOR 

4.30 Since most current designs for light-water thermal reactors and 
sodium-cooled fast rea,:tors use mixed uranium and plutonium" oxide fuel pins, 
some of the special t ierinal characteristics of such pins are considered here. 
Light-water reactors ge ierally use rods of U 0 2  in the form of pellets, powder, or 
particles, clad within Zircaloy-2 or -4. Fast reactors use stainless-steel cladding. 

The r ma I Co ndu ct iv it y 

4.31 Although many measurements have been made of the thermal 
conductivity of U 0 2 ,  the results tend to  be only in fair agreement since many 
parameters affect the ilature of the material used in a given experiment. These 
include the density, inethod of  fabrication, and oxygen content. Thermal- 
conductivity measurenients at high temperature are also very difficult. The 
designer is therefore pdced with a range of values rather than a definitive 
thermal-conductivity standard in t e r m  of the independent variables of interest, 
which are temperature and the extent of radiation. A range of representative 
results is shown in Fig,. 4.8 for unirradiated material. One expression' for the 
thermal conductivity 01'  polycrystalline U 0 2  to  about 1300°C is 

1 
11.75 + 0.023% 

k =  (4.9) 

where k is the thermal conductivity [watts/(cm) ("C)] and f is the temperature 
("C). The density is 955; of theoretical. 

4.32 Above 1300'C, uncertainty increases since measurements become 
more difficult. Howecer, there appears to be a consensus that the thermal 
conductivity tends to iiicrease with increasing temperature with a minimum near 
1600°C. 

*Emphasis is given here to characteristics contributed by the U 0 2  present 
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Fig. 4.8 Thermal conductivity of unirradiated U 0 2  (95% of theoretical 
density). 

4.33 The actual mechanism of heat transfer in uranium dioxide is not yet 
completely understood. Thermal transport through crystalline U 0 2  is considered 
to  be the result of the sum of at least three mechanisms, phonon or lattice 
conductivity, radiative or photon conductivity, and electronic conductivity. 
Although phonon conductivity is significant a t  lower temperatures and radiative 
transport becomes important as the temperature is raised, as expected, the 
picture is apparently complex. Electronic conduction is also a factor but is not 
clearly u n d e r ~ t o o d . ~  

4.34 Measurements of thermal conductivity made under irradiation condi- 
tions involve additional parameters and uncertainties, and therefore a graph here 
is not  appropriate. However, it does appear clear that the conductivity of UOz 
decreases upon irradiation at  temperatures under 500°C. On the other hand, 
irradiation appears to have little effect on the thermal conductivity a t  higher 
temperatures.' 

4.35 Integral measurements, in which the value of J k dT for a specific 
temperature range is developed, tend to  provide a more satisfactory basis for 
design work than differential measurements. The experiment is inherently easier 
since only terminal temperatures and a heat flux need be measured. The effect 
of such structural changes as coluinnar grain growth (54.43) which are 
temperature dependent can also be studied. A typical integral conductivity graph6 
for mixed-oxide fuel is shown in Fig. 4.9. Note the change in slope at approxi- 
mately 1 8OO"C, the threshold temperature for grain restructuring (54.42). 

4.36 An approach even closer to  the expected service conditions is to  
merely carry out  a family of measurements with linear heat rate as the parameter 
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and experimentally e: tablish the heat-rate value at  which unsatisfactory pin 
performance can be ar ticipated as indicated by central melting or other criteria. 
An operating condition can then be specified at a lower linear heat-rate value 
with a safety factor Frovided. With this approach it is common to reduce the 
specified heat rate somewhat as burnup progresses to  correspond with an 
anticipated decrease in thermal conductivity of the oxide, even though 
laboratory measureme i t s  of conductivity indicate little change. Typical design 
limitations as a function of both initial density and burnup for an oxide-fueled 
liquid-metal-cooled fas, breeder are shown in Fig. 4.10. 

Dimensional Changes and Pin Integrity 

4.37 Light-water fuel rods designed for burnup levels exceeding 30,000 
Mwd/tonne at linear heat rates of over 20 kw/ft must also meet stringent 
quality-assurance requirements so that the probability of pin failure during 
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Assumptions 

Columnar grain formation 

Temperature, O F  3200 2700 

Equiaxed grain formation 

Density, % 98 94 

Gap coefficlent, 1500 Btu/(hr) (sq f t )  ( O F )  

exposure is minimal.7 ..-.my of the design considerations concern the interplay 
of thermal- and material-property parameters. 

4.38 Important in fuel-rod design is fuel swelling, dependent on both 
temperature and fission-product inventory. Accommodation of growth induced 
by irradiation has been attempted by including void volumes within the rod. 
Various suggested schemes include the use of high-density pellets with large 
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fuel-cladding gaps, lovr-density pellets, annular pellets, deep dished-end pellets, 
and a combination ther :of. 

4.39 Additional ih-adiation-performance considerations are rod bowing, 
fuel-cladding chemical reactions, fatigue, cladding strains arising from steady- 
state and transient poiv'er operation, hydriding of the cladding material, power 
distortion, and other limensional distortions. Generally these effects can be 
controlled by establishing design limits. For example, rod bowing is caused by 
radial thermal gradients and can be partially controlled by modifying the 
fuel-rod support systi m or by limiting the radial gradient. Fuel-cladding 
reactions can result from an attack by molten fuel or fission products on the 
cladding. The possibihy of fuel melting can be reduced by limiting the peak 
power level of the rod. Fission-product reactions tend to  be temperature 
dependent and can therefore be controlled by limiting the peak power level of 
the rod. 

4.40 Interactions between fuel and cladding and, to  a lesser extent, 
fission-gas release affect the performance and subsequent integrity of the fuel 
rod significantly. Considerations include fatigue from plant swingload, pressure, 
or power cycles, dimensional strain within the fuel, and circumferential clad 
strain. These effects ;ire all dependent on temperature, time, fuel thermal 
expansion, irradiation, ;Lnd fuel-cladding diametral-gap dimensions. 

In fast reactc'rs, where the fuel is normally subjected to  several times 
the burnup that is prac :ical for thermal reactors, dimensional changes of the fuel 
cladding and structural components become a major design consideration. Fuel 
swelling is caused primirily by the accumulation of fission-product gas and the 
buildup of solid fission products. However, stainless-steel cladding also tends to  
swell under irradiation. presumably owing to  the formation of voids caused by 
the aggregation of irradiation-induced vacancies. The amount of swelling is a 
function of fluence ( lux-time product), iri.adiation temperature, and cold 
work. Mechanical deformation of the cladding results from the stress pattern 
developed by the intuaction between the cladding and the swelling fuel. 
However, the interactim may be due to  thermal expansion of the fuel and 
cladding during power or temperature changes of the reactor rather than the 
steady-state pressure of the fueL8 At any rate, the amount of mechanical 
deforrndtion is a function of cladding temperature, mechanical properties, and 
load pattern. 

4.41 

Restructuring 

4.42 In the central regions of oxide fuel pins a t  temperatures above about 
17OO0C, the pores migrate toward the hottest point a t  the center.' This tends to  
enhance the formation of a central void as well as densify the hotter fuel region. 
Pore migration is thought to  be due t o  vaporization on the hot  side of the pore 
followed by condensation on the cold side in response to  a thermal gradient. As 
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shown in 54.26, an annular fuel pin can be subjected to  a higher linear heat rate 
than a solid pin. Densification in the central region from pore migration also 
increases the apparent thermal conductivity that enhances this effect. 

4.43 In this region subjected to  temperatures above 1700”C, a columnar 
grain structure about 97% of theoretical density forms but tends to  have 
extensive radial cracks. In an outer, intermediate-temperature region (1450 to 
175OoC), equiaxed grains may also be formed to become somewhat denser than 
the as-fabricated state. Restructuring may therefore result in three distinct radial 
regions: an outer, as-fabricated region; an intermediate equiaxed-grain region; 
and a central columnar-grain-structure region. 

Fission-Gas Release 

4.44 In  fuel designed for long burnup, particularly fast-reactor fuel 
insensitive t o  the poisoning effects of fission products, pressures froin 
fission-product-gas accumulation impose important mechanical-based design 
limitations. Although at first glance the calculation of such pressures appears to 
be a straightforward application of the gas laws, the selection of an average 
representative temperature and a proper volume is a problem. For an ideal gas 
the pressure may be expressed as 

(4.10) 

where N is the number of moles of gas and V j / T j  is the contribution of an 
interconnected volume element Vi at a temperature Ti .  Although the amount of 
fission gas produced can be calculated from the fission rate,* the amount 
actually released from a ceramic lattice structure depends on a variety of factors. 
For U 0 2  the release appears to be by a combination of “solid-state” 
mechanisms, with the temperature determining which one predominates.’ 
Below 600”C, fission-gas release is independent of temperature and is apparently 
caused by the “knock-out” process of secondary ejection when a recoil fission 
fragment leaves the UOz surface. Above 600°C the rate-controlling process 
appears to be the release from defect traps of gas that previously diffused rapidly 
through the U 0 2  matrix. 

4.45 For engineering purposes in the case of UOz,  Lewis” suggests a 
model that assigns a inaxiinuin percentage gas release to  certain temperature 
bands: 

*For most fissile atom;, approxiinately 27 atuins of gas are produced per 100 atoms 
fissioned. 
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Percentage release < 

c e n t e r  
k dt 

1 6 0 0 ° C  

s1600°C 
k d t  + 60 k d t  + 95 

1 300°C 

sur face  1000°C 13OO0C 
k d t +  10 $ 

(4.1 1) 

More gas tends to  be released as the oxide density is decreased for a given Jk  dt 
since k is lower and m i r e  surface is available. 

4.46 Another i m r e  approximate approach assumes that all the fission gases 
are released at tempe-atures in the fuel above 1700°C. The volume fraction of 
fuel below 1700°C niay be assumed to release only 50% of the fission gases 
produced. The temperature profile (longitudinal and lateral) in the fuel must be 
known, however, before this rule of thumb can be applied. 

4.47 An additional complication in calculating the pressure is the depend- 
ency of ? ( Vj/Ti> on reactor power since the volume available for the gas tends 
to change as a result , i f  fuel plastic flow, cracking, etc. Notley' provides some 
calculation guides anc reports experimental pressures ranging from 300 psi a t  a 
thermal reactor heat oad qr, of' 125 watts/cm to 600 psi a t  a qL value of 625 
watts/cm. 

Analysis Models 

4.48 For design m d  analysis a pin thermal-transport model that takes into 
consideration the preceding characteristics and lends itself to  computer 
representation is useful. Since experimental information is not completely 
consistent, reasonable assumptions must be made as needed. One example of 
such a mode19~' developed for sodium-cooled fast reactors follows and is based 
on three fuel regions and a center void region as shown in Fig. 4.1 1.  Material in 
the outer region retains its fabricated density and is assumed to  move outwardly 
from thermal expansion. Fuel in this region is assumed to be nonplastic and 
brittle. Material in th': middle region is above the temperature for sintering and 
forms equiaxed grains. I t  is in a plastic condition and is restrained from 
expanding by the outcr region. Thermal expansion in this region therefore moves 
the material inwardly 

4.49 The inner r:gion, Region I, has a steep thermal gradient with porosity 
migration that causes columnar grains to  form. A void forms in the center of the 
fuel from the increasc: in density (decrease in porosity) of Regions I and 11. This 
center void has an important effect on the thermal behavior of the fuel pin. 
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Fig. 4.1 1 Three-region analytical fuel model. 

4.50 In fast-reactor fuel rods, there is very little flux depression, and the 
heat generated is proportional to  the iilass of the fuel. The volumetric heat rate 
in each of these three regions is therefore 

(4.12a) 

QII  = Q I I I  ~ PI1 
PI11 

(4.12b) 

where qL is the lineal power, rs is the surface radius of the pellet, and p is the 
density. Subscripts used for teinperatures correspond t o  those used for radii. 
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4.51 Solutions for tlic heat-trailsport cquatiori with appropriate bouiitlary 
conditions in  each rcgioii are given in tlic following equations: 

For Region 111: 

For Region 11: 

For Kegion I :  

From ;I inass balance an j values ofr,, r ,  , and r 2 ,  the iadius of the void is 

(4.13) 

(4.14) 

(4.15) 

(4.16) 

4.52 The temperalure o f  the fuel surface can be found from the cladding 
temperature and the conductance across the fuel-cladding gap. The con- 
ductance across this gap is related to  the differential expansion of the fuel and 
the cladding and to the thermal conductivity of the cover gas. From these 
relations the power to 'cause ineltirig with a center void can also be expressed as 

471 ITTrn k d T  

(4.17) 

4.53 Other niode*s arc available which describe the effects of cladding 
swelling on fuel-rod performance, a behavior important in fast-reactor analysis. 
OLYMPUS is a computer code of this type,14 and SWELL and LIFE are 
codes' designed to provide a detailed picture of the pin performance for its 
complete lifetime. These and similar fuel-perforinance codes may also be used 
in conjunction with more general thermal-hydraulic design codes for tlie thermal 
analysis of the entire core (54.139). 
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CRITICAL HEAT FLUX 

4.54 In liquid-cooled* reactors the heat flux must be kept below a 
condition that produces instabilities in the forced-convection boiling process. 
This flux,’ 9 ’  referred to  as the crifical heat f lux (CHF), causes a marked 
decrease in the heat-transfer coefficient, with a resulting increase in the 
fuel-element surface temperature at constant heat-generation rates. Critical heat 
flux is normally considered the same as dryoiit [or DNB (Departure from 
Nucleate Boiling)], which refers to  the breakdown of the liquid film covering 
the hot surface in two-phase flow. This breakdown causes small but rapid rises in  
surface temperature corresponding to the appearance and disappearance of the 
dry areas  on t h e  h e a t e d  surface.  Uurtzout refers t o  tlic failure o f  t h e  hea t ing  
surface d u e  to high surface temperatures caused by the poor heat transfer 
through the vapor film that covers the heater beyond dryout. The corresponding 
flux is referred to  as the burnout lzeat flux. Boiling crisis is another term applied 
to  the temperature excursion following critical heat flux. 

4.55 Although critical heat flux is one of the most important consider- 
ations in the design of a reactor core. it is the subject of controversy among 
investigators.’ 7 , 1  Since the mechanism is quite complex, attempts to develop 
models for prediction have met with only limited success. Empirical data 
correlations for predicting conditions that will lead to  critical heat flux must also 
be carefully examined for applicability. Therefore we shall provide the student a 
guide to  some of the highlights of the subject without recommending design 
procedures or evaluating different approaches. T h ~ i s  the designer should consult 
current literature when he needs to  determine critical-heat-flux conditions. 

POOL BOILING 

4.56 Boiling heat transfer under forced convection is a very complicated 
process with many variables. For orientation we shall review the characteristics 
of a simple system in which a heated surface is submerged in a pool of builing 
liquid (pool boiling). The familiar boiling regimes that occur in such a nonflow 
system are shown in Fig. 4.12. At low values of the parameter ATx. the 
difference between the heated-surface temperature and the saturation tempera- 
ture, the heat-transfer mechanism is primarily free convection with only liquid 
(no vapor) contacting the heating surface. At higher heating-surface tempera- 
tures, nucleate boiling occurs, in which bubbles form at the surface. In this 
process a high rate of heat transfer is,obtained from intense convection currents 

*Although “boiling criqis” is possible in systems cooled with any liquid, the critical heat 
flux is normally a major design limitation in water-cooled reactors and not in sodium-cooled 
cores. 
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Fig. 4.1 2 Pool-boiling regimes. 

at  the heating surface and from bubble agitation and liquid movement t o  the 
surface as vapor bubb1:s leave the heated area. Experiments have shown that 
most of the heat transferred across the surface interphase is absorbed by local 
superheating of the f u i d  rather than by the formation of a vapor bubble 
immediately. 

4.57 I n  pool boiling the surface temperature rises further, the thermal 
driving force to the fluid increases, and bubbles form at a greater rate and tend 
t o  coalesce. Finally tht, vapor column formed’ from the coalesced bubbles is so 
great that columns of liquid can no longer move toward the hot surface t o  
replace the liquid lost by evaporation in the bubbles. On subsequent increases in 
the difference in surface and saturation temperatures, the behavior of  this 
system depends on which variables are independent and which are dependent. In 
the case of nuclear fu’:l elements, for example, the heat flux is controlled and 
the surface temperature is dependent. Therefore, if the heat flux is increased 
above the vapor-blanketing point (A), a sudden transition in surface temperature 
t o  the corresponding ordinate (point B) on the film-boiling curve will occur, as 
shown. Since this temperature can be above the capabilities of the fuel material, 
the term “burnout” has been applied to  such a case. 

4.58 Numerous investigators’ ,’ 9 have studied boiling and have applied 
various theories t o  the nucleation process and the subsequent growth and 
motion of the bubbles formed. Discussions of such approaches are available 
elsewhere’ and are not considered appropriate here. Such work, however, does 
provide a basis for various semiempirical correlations of experimental data using 
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dimensionless groups. Since bubble agitation plays a major role in the 
mechanism, various “bubble Reynolds numbers” have been postulated. Using a 
dimensionless-group approach, Rohsenow’ was able t o  correlate much pool- 
boiling data by the following equation: 

0 . 3 3  r 

1 

(4.18) 

where cI = specific heat of saturated liquid [Btu/(lb,) (OF)] 
q/A = h e a t  flux [Btu/(hr) (sq ft)] 
hfg = latent heat of vaporization (Btu/lb,) 
gc = conversion factor [4.17 X I O 8  Ib,,-ft/(lb,) (hr’)] 
g = gravitational acceleration (f t /hr2)  

pI = density of the saturated liquid (Ib,/cu ft) 
p,, = density of the saturated vapor (Ib,/cu ft) 
Prl = Prandtl number of the saturated liquid 
p I  = viscosity of the liquid [Ibm/(hr) (ft)] 

The term Csf depends on the surface roughness and the heating-surface 
material-fluid combination. For water-stainless steel, Csf = 0.014. 

4.59 Pool-boiling correlations are not of major interest to the nuclear-core 
designer. They are mentioned here merely t o  indicate the methods that can be 
applied and the parameters that are pertinent. Photography has been helpful in 
attempts to describe the conditions existing at critical heat flux and in the 
development of a model. Various analytical descriptions have been applied, 
including that of a Helmholtz instability, a t  the vapor-liquid interface as a result 
of the relative phase velocity. There has been some disagreement. however, 
among investigators describing the mechanism and attempting a correlation. A 
typical critical-heat-flux correlation based on a model describing the coalescence 
of bubbles from neighboring sites leading to vapor blanketing is that of 
Rohsenow and Griffiths’ : 

(4.19) 

The quantities [(4/A)m,,/p,,12fg] and g1l4 also appear in other equations. 
although other terms differ. A semiempirical correlation of Kutateladze,2 for 
example, describes many experimental data quite well: 

(4.20) 
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FLOW BOILING 

4.60 For confined systems (tubes, channels, rod bundles, etc.), where the 
liquid is under forced convection, critical-heat-flux behavior is somewhat 
different from that for pool boiling. 

4.61 Observations of the behavior differ in the literature, with considerable 
speculation regarding mechanisms involved. Experimental work does indicate, 
however, that different mechanisms may exist for the subcooled flow region, the 
low-quality region, and the high-quality region and that each mechanism is 
influenced differently \by such system parameters as the density, mass flow rate, 
and the channel length to  diameter ratio. Although some progress has been made 
using hydrodynamic models, a satisfactory theoretical correlation is not yet 
available. However, we shall examine some of the ideas proposed for describing 
the mechanism. 

4.62 Consider thc types of liquid and vapor distributions that can occur 
under two-phase flow conditions. Visualization studies show that a number of 
different flow regions can exist. The type of flow that predominates in a tube in 
a given situation depends on the value of certain hydraulic parameters as first 
measured by Baker’ I for water-air mixtures. 

4.63 For the flow-boiling mechanism, the most important regimes are 
bubble flow and annuiar j b w .  These can best be visualized with the aid of Figs. 
4.13 and 4.14 by considering progressive boiling along a heated vertical channel. 
For illustration consider a channel or tube such as that in Fig. 4.14 in which the 
various regimes are encountered in turn. Initially, the incoming water is heated 
by convective heat transfer with no boiling occurring. As the temperature of the 
flowing water increases, a point in the channel is reached where the temperature 
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Fig. 4.13 Boiling flow patterns. 
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Fig. 4.14 Regimes of two-phase flow. 

of the slowly moving fluid adjacent t o  the wall is above the saturation 
temperature although the temperature a t  the same level in the more rapidly 
moving core is still below saturation. 

4.64 Initial vaporization therefore occurs along the wall under subcooled 
(local boiling) conditions. Bubbles grow and are carried along in the superheated 
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layer close to  the wall. but they condense on being mixed with the subcooled 
liquid core. After the central core reaches saturation conditions, however, the 
vapor bubbles being fed from the superheated layer near the surface no longer 
collapse but are carried along in the stream. Bubble flow is therefore 
characterized by a “regular” distribution of vapor bubbles in the continuous 
liquid phase. With increased vaporization and a resulting higher void fraction 
(higher quality), a transition toannularflow occurs as shown in Fig. 4.13b. This 
is characterized by ;L continuous vapor phase in the central core in which some 
liquid drops may be dispersed and by a continuous liquid along the heated wall 
in which vapor bubbles x e  dispersed. 

4.65 Attempts t o  explain flow boiling behavior in terms of a model are very 
qualitative. I n  the low-quality or subcooled region, a high heat flux can cause a 
very large number of bubbles in the layer next to  the heated surface; this, in 
turn, can prevent access to  the surface by liquid from the bulk stream. Under 
high-flow-velocity high-pressure conditions, however, a viscous layer of small 
bubbles flows parallel to  the heated surface between a superheated liquid layer 
immediately next to  the surface and the central core.I6 Such a pattern usually 
occurs in pressurized-water reactors. A boiling crisis probably starts with the 
formation of a vapor area next t o  the surface which grows and contracts in an 
oscillatory manner. The onset of this condition depends primarily on the heat 
flux but also on flow and thermodynamic parameters. 

4.66 With normal heat flux the transition point from bubble flow to the 
annular flow regime is not well established but depends on pressure, mass 
velocity, geometry, and perhaps other factors as well as the quality. Now the 
liquid layer moving along the heated surface tends to  suppress bubble 
nucleation. Most of the heat is therefore transferred by pure conduction through 
the liquid film, and n o  boiling takes place. As a result most of the evaporation 
occurs a t  the interphase between the outer liquid column and the inner vapor 
core. An annular flow pattern usually occurs in boiling-water reactors. With 
increasing rates of evaporation, however, and hence increasing vapor velocities, 
the vapor tends to “drag” portions of the surrounding liquid. Such intermittent 
shearing of the liquid away from the wall and replacement by vapor can result in 
wall-temperature oscillations that can become divergent and lead t o  a boiling 
crisis. When the liquid layers disappear from the heated surface, the term 
“dry-out’’ applies. 

4.67 In the higher quality region, the approach t o  dry-out depends on 
hydrodynamic considerations. Predictions of a boiling crisis are therefore based 
on a critical enthalpy rise rather than in terms of a critical heat flux. Note that 
an important difference between boiling two-phase flow and an adiabatic system 
such as air-water is the increase in void fraction along the channel due t o  
vaporization. Therefore, a t  any point in the channel, the previous history or 
upstream condition of the flow is an important variable. 

4.68 After the critical heat flux has been exceeded, as shown in Fig. 4.14, 
the flow regime consists of entrained droplets in a central vapor core. Droplets 
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striking the wall are evaporated. However, if the wall temperature exceeds the 
Leidenfrost point, n o  wetting of the wall occurs, and heat is transferred directly 
from the wall t o  suspended droplets.” In  this case the momentum of the 
rapidly evaporating vapor between the liquid droplet and the hot surface forms a 
steam cushion to  support the droplet and prevent the liquid from wetting the 
surface. This is stable film boiling, a mode of heat transfer in which the 
heat-transfer coefficients are low but stable. Flow is in the liquid-deficient 
regime. Since the heat generation in nuclear fuel elements continues at about a 
constant rate even though the heat-transfer coefficient is markedly reduced, a 
corresponding increase in surface temperature results with material failure likely. 

4.69 Some experimental observationsz3 are shown in Fig. 4.15; wall- 
temperature behavior is indicated as the heat flux from a vertical heated rod is 
increased with time for three different initial steam-water mixtures. In  the 
low-flux region for each case, stable and very high heat-transfer rates occur in 
the nucleate-boiling region, characterized by evaporation at  the heated surface or 
at  the liquid film-vapor core interface. The surface temperature is just slightly 
above saturation. The onset of critical heat flux is indicated at  the point of the 
first substantial temperature rise, or oscillation of the temperature trace, to  
points well above saturation. In two cases the oscillations first increase, then pass 
through a maximum in the transition boiling region where segments of the 
heated rod may be covered intermittently by water and steam, and finally 
decrease when stable film boiling prevails. Three boiling regions are therefore 
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observed: an initial nucleate boiling region, a transition oscillatory region, and a 
stable film-boiling region. 

4.70 Since the reactor fuel-element-heat-generation rate is independent of 
changes in the heat-trsnsfer coefficient, the surface temperature will oscillate 
erratically. An additional complication, however, is the disturbance in a 
parallel-flow system which will tend t o  reduce the coolant flow. Such a 
“choked” flow would lead to  high coolant temperatures and, in turn, a rise in 
the fuel temperature, which could result in failure. 

PREDICTIONS AND CORRELATIONS 

4.71 Limiting boiling conditions are normally of greater interest t o  the 
reactor-core designer than the prediction of steady-state heat-transfer coeffi- 
cients. Should heat-transfer coefficients be desired for determining surface 
temperatures or other reasons, a useful first approximation is t o  merely 
“superposition” (or directly add) the heat-transfer rate obtainable from pool 
boiling t o  the single-phase forced-convection heat flux, each for the same AT, 
driving force. 

4.72 For subcooled or local boiling, the relation 

(4.21) 

was found t o  be applicable24 where q / A  is in Btu/(hr) (sq ft), p is the pressure 
(psia), and AT, is the temperature difference between the heated surface and 
the saturation value (OF:). 

4.73 Although attempts have been made t o  develop models that can 
describe critical-heat-flux conditions, design correlations are usually a representa- 
tion of laboratory data and use dimensionless quantities or parameters derived 
from the model work. The approach is primarily empirical and depends on the 
validity of the measurements used. It is therefore important for the designer to 
evaluate the correlation and supporting measurements in terms of his own 
geometry, flow conditions, and heat-flux distribution. 

4.74 Data interpre1.ation can be complicated by test-system instabilities not 
directly related t o  the hoiling process itself. The presence of compressible fluid 
upstream of the test section can cause flow oscillations and an apparent critical 
heat flux much lower than that obtained from a stable system. Apparently, 
much reported data are (of this nature. 

4.75 The axial heat flux along a reactor channel is not uniform; yet most 
laboratory critical-heat-flux data have been taken in electrically heated, 
uniform-heat-flux test sections. Investigators disagree on the conclusion that tlie 
critical heat flux is a function of local conditions and does not depend on the 
integrated heat transferred or the exit enthalpy. Some measurements with a 
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cosine-heated test section show a 20% reduction in the critical heat flux 
compared with uniform flux results. Tong' includes an F-factor correction in 
his correlation (84.78) t o  account for nonuniform heat flux. 

4.76 The more satisfactory empirical critical-heat-flux correlations include 
a large number of terms and are complicated t o  use. However, they can readily 
be incorporated into computer procedures needed for industrial design. Only a 
few of the more important approaches will therefore be mentioned here. 
Macbeth,16,25 confining his attention t o  water, developed a correlation for 
critical heat flux in tubes, for mass velocities above certain low values, of the 
form 

(4.22) 

where A and C are functions of mass velocity, diameter, and pressure; & is the 
quality; and hfg is the erlthalpy of vaporization. This correlation has proved 
quite successful for a vast amount of data in the bubble-flow as well as the 
annular-flow regime. For uniformly heated round tubes, the critical heat flux in 
the low-mass-velocity region is given by 

(C X (hfg + Ah;) 
(4.23) 

(:)crit = 1 5 8 ~ O . l ( ~  x 10-6)0 .49  + ~ ( L / D )  

4.77 For pressurized-water reactors a critical-heat-flux correlation devel- 
oped by Tongz6 and coworkers is normally used. Designated as "W-3," it 
replaces earlier correlations (W-2) developed by the same group. The correlation 
may be applied to a nonuniform-flux distribution. In contrast to  earlier 
approaches, which yielded a critical flux in the subcooled region and a critical 
enthalpy rise in the quality region. with a discontinuity a t  the saturation 
temperature, the W-3 correlation is continuous over an exit quality range of 
* 15%. 

4.78 In the W-3 correlation an equivalent uniform DNB (Departure from 
Nucleate Boiling) flux is first calculated. An F-factor is then used to  convert the 
uniform-flux value to  one applicable t o  a nonuniform shape. 

The equivalent uniform (EU) DNB flux 4"DNB,EU is calculated from the 
W-3 equivalent uniform-flux DNB correlation as follows: 

,I 

4 D N B . E U  
= [(2.022 - 

1 o6 0.0004302~) + (0.1722 

1 - 0.0000984p)e( 1 8 . 1  7 7 - 0 . 0 0 4  129P )X 

X [(0.1484 - 1 . 5 9 6 ~ +  0.17291~1) G/106 -t 1.0371 X [1.157 - 0.869~3 
- 3 . 1 5 1 0 ,  

X [0.2664 + 0.8357e ] X [OX258 + 0.00O794(Hsat -Hin)] (4.24) 
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The heat flux is in Btu/(hr)(sq ft). The other units for the ranges of 
parameters used in developing the correlation follow: 

System pressure ( p )  = 800 to 2300 psia 
Mass velocity (C) =: 0.5 X IO6 to  5.0 X IO6 Ib/hr/sq f t  
Equivalent diameter ( D e )  = 0.2 t o  0.7 in. 
Quality (xloc) = - 0.15 t o  + 0.15 
Inlet enthalpy (Hi,,) = 400 Btu/lb 
Length ( L )  = 10 t o  144 in. 
Heated perimeter 

= 0.88 t o  1.00 
Wetted perimeter 
Geometries = circular tube and rectangular channel 
Flux = uniform and equivalent uniform flux converted from nonuniform 

data by F-factor 

The local uniform qrrD B , N  is calculated from 

where 

(4.2 5 a) 

C 
F =  

0 

where I,,, = distance from inception of local boiling (in.) and 

0.15(1 ~ x ~ ~ ~ ) ~ . ~ ~  in.-’ 
(.7 = (4.2 5 c) 

4.79 The General Electric Company determined critical heat flux for 
boiling-water reactors somewhat differently.’ Careful experiments with rod 
bundles which simulated reactor conditions as closely as possible were 
.emphasized. The data were treated statistically, and “design-limit’’ lines were 
‘.established. Finally, design correlation and prediction were obtained through the 
..use of a hydraulic and thermodynamic analytical model that determined flow 
distribution in a parallel-channel assembly and critical heat flux in terms of 
design parameters ($4.50). The computation model here was closely related to  
.experimental results for both input information and confirmation of predictions. 
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4.80 Some features of the analytical model are of interest. The critical heat 
flux is assumed t o  depend only upon local conditions. T o  apply test data 
obtained from four- and nine-rod laboratory assemblies to reactor assemblies 
containing many fuel rods, one must therefore know the flow and enthalpy 
distribution for each case. Each flow channel is divided into a number of nodes. 
The pressure drop is calculated for each of the channels and flow is redistributed 
to maintain the same pressure loss in each channel for the first node. The 
calculation then proceeds up the channels in an interative manner to  determine a 
consistent flow-pressure loss pattern. Important to  the calculation is an energy 
balance with provision for thermal mixing across adjoining surfaces as 
determined experimentally. 

4.81 With the steam quality and local flow rate known, existing corre- 
IatIons, S L I C ~  as Macbeth’s for  pipe flow (§4.76), are used to introduce the 
critical-heat-flux calculation into the analysis. An important feature of the entire 
procedure is the opportunity to cross-check results with planned experimental 
measurements as parameters are varied and then to  make suitable adjustments in 
the model. 

ALKALI  METALS AND ORGANIC FLUIDS 

4.82 AI though the foregoing discussion pertains primarily to  water systems, 
boiling conditions and the possibility of critical heat flux are also important to  
other reactor coolants. This is particularly true in accident analysis and safety 
evaluation (86.151). A good deal of work has been done on net boiling in 
liquid-metal systems. Only a moderate amount of research has been devoted to 
critical heat flux, however. In  general, the mechanism appears to be similar to 
that proposed for water systems with correlations of the same forin applicable. 
Similar comments apply to organic-cooled systems. Detailed review of either 
system is not appropriate here. Since the thermal conductivity of liquid metals is 
high, other design considerations, such as fuel melting, are limiting rather than 
the possibility of critical heat flux for sodium-cooled oxide-fueled fast reactors. 

4.83 For boiling binary (two component) liquid systems, either organic or 
liquid metal, there is some evidence that the heat-transfer coefficient may be 
lower than that of either component. Similarly, the critical heat flux may be 
higher. Such behavior is consistent with Scriven’s theory* of bubble-growth 
coefficients. 

BOILING BEHAVIOR IN REACTOR CORES 

4.84 An identification of critical flux conditions is only one step in the 
design of a reactor core. To the designer the ratio between the critical heat flux 
and the actual heat flux (DNB ratio) along a channel is more important than the 
absolute value of the limiting critical heat flux. Typical profiles for a 
boiling-water-reactor “hottest channel” are shown in Fig. 4.16. Since the critical 
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Fig. 4.16 Heat flux and steam distribution relating to burnout conditions. X, 
steam quality;  Q / A ,  tnaxitnutn operating heat f lux;  (Q/A)Bo,  burn-out heat 
flux. 

heat flux tends to  decrease along a channel while the heat flux itself can peak at 
various positions depending on the control-rod position, fuel burnup, and degrec 
of subcooling, an understanding of the channel boiling behavior is an operating 
requirement as well as a11 important part of core design. 

4.85 Core geometry may affect both flow distribution and thermal 
patterns. Fuel-rod spacers, for example, can introduce complex flow-passage 
geometry that can cause poor mixing and low critical heat fluxes. Rod-surface 
obstructions may also affect the applicability of dryout correlations by 
disrupting the liquid-flow pattern. Cross-flow mixing between parallel channels is 
another important des:d.gn challenge and has been the subject of computer 
analysis (54.80). 

4.86 Transient effects are also important, particularly as part of the safety 
analysis (56.122). Therefore transient heat transfer and its effect on boiling has 
received much research.” A boiling system itself must also be examined for 
hydrodynamic instabilities that can cause premature burnout of the fuel 

O 
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4.87 Specifications for core performance averaged over both volume and 
lifetime of the core are useful as a reference in the design of the core. 
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Performance limitations, however, are based on maximum, not average, values of 
such parameters as heat flux and fuel temperature. In other words, when a 
reactor is in the early design stages, the core is assumed to be a perfect structure: 
i.e., lattice parameters are nominal in dimension, fuel parameters are nominal in 
all respects, reactor coolant flow satisfies idealistic flow patterns, and neutron 
flux behaves ideally. Knowing that these conditions cannot actually exist, the 
designer must find a tool t o  aid in developing a core design that acknowledges 
these basic uncertainties, with specifications that will indeed ensure performance 
within limitations. 

4.8s Upper thermal limits can be predicted from average conditions, or, 
conversely, the fixing of average design conditions can be predicted from 
maximum permissible values by using factors relating the maximum to the 
average values. A reactor core is complex. however, and deviations from average 
values result from a variety of causes. Therefore a systematic analysis is 
necessary first t o  evaluate a separate factor associated with each cause and then 
t o  combine the factors in a way that will give the desired ratio between average 
and maximum conditions. Since design methods have not been standardized, the 
subsequent discussion provides guidance to possible approaches rather than 
outlining a specific procedure. 

4.89 Variations in heat flux, material temperatures, and other parameters 
are derived from two types of sources, nuclear and engineering. The local rate of 
heat generation depends on the fission rate, which, in turn, is a function of the 
product of the macroscopic fission cross section and the neutron flux, Zj$, 
which is neutron-energy dependent. Neutron diffusion results. of course, in both 
axial and radial variations in neutron flux. Local power variations also result 
from changes in such parameters as fuel, moderator, and poison concentration, 
as well as in control-rod effects. Long-term transient effects and transient effects 
caused by operational problems must also be considered. 

4.90 Engineering factors are concerned primarily with the thermal and 
hydrodynamic behavior of  the coolant. Variations and uncertainties in coolant 
flow, instrumentation, heat-transfer coefficient, etc., as well as deviations from 
nominal dimensions of fuel-rod spacing, cladding thickness, etc., can lead to 
local hot  spots. 

4.91 The power margin of reactor systems has frequently been determined 
by the “hot-channel’’ concept, where a so-called hot  channel is identified from 
radial peaking information and then local or “hot spot” effects are determined 
along the channel. 

4.92 Factors are therefore defined which show how uncertainties in each 
variable affect enthalpy rise, heat flux, film drop, etc. It may then be assumed 
that all the effects occur in the pessimistic direction at  the same place and same 
time in the core. The individual hot-channel factors are multiplied together to 
give a conservative estimate of combined fx tors .  The estimates are used in the 
thermal and hydraulic design calculations t o  yield the information of interest. 

I 
128 THERMAL-TRANSPORT SYSTEMS AND CORE DESIGN 



4.93 This approach, though simple, is unnecessarily conservative. Since 
random effects apply 1 0  many of the factors, efforts have been made t o  apply 
probability theory t o  the analysis. With the development of computer programs 
for this type of analysis, statistical effects can be incorporated into the program 
easily. 

STATISTICAL FACTORS 

4.94 It is important t o  distinguish between hot-channel factors of design 
variables subject indeed to  random-type uncertainties and those introduced to 
account for inadequate knowledge. The random uncertainties derived primarily 
from manufacturing tcllerance experience lend themselves t o  statistical analysis. 
It is not valid, however, to  attempt statistical treatment of factors that describe 
uncertainties in performance." 

4.95 Some examples of random-type uncertainties related t o  manufacturing 
operation which can be treated statistically are: 

Fuel-pin diameter 
Fuel-rod pitch 
Rod-surface roughness 
Variation in fuel density and enrichment 
Cladding thickness 
Cladding eccentricity 
Variations in coolant flow area 

Heat-transfer coefficients 
Material mechanical properties 
Radiolytic decomposition of coolants 
Variations in coolant velocity 
Void distributions 
Various flux-peaking effects 
Instrumentation efficiency 
Thermal conductivities 
Erosion and corrosion of fuel elements 
Flutter and vibraticln due t o  high-velocity coolant flow 
Irradiation effects on fuel rods and structural materials 
Interchannel mixing of coolant 
Effect of turbine trtp-out 
Operator efficiency 

Some uncertainties that should not be treated statistically are: 

Note that some of these uncertainties, such as operator error, instrumentztion 
problems, and turbine trip-out, are related t o  operations outside of the core. In 

*Experienced design'm can sometimes establish confidence limits by subjective 
judgment and then use statistical procedures (see 8 54.98 and 6.226). 
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addition, the variation of these parameters over the lifetime of both the core and 
the reactor sliould be included .in‘the analysis. 

4.96 Identification -of a hot-channel factor with a manufacturing uncer- 
tainty does ‘not mean that the subsequent statistical analysis is necessarily simple 
or even straightforward. Although manufacturing quality-control theory is a 
separate subject and will not be treated here,3 some simple considerations are 
mentioned. 

4.97 It is reasonable to  assume that deviations from a mean value are 
random and hence follow, a normal, or’ Gaussian, distribution.* Such a 
distribution is symmetrical about the mean.’ Certain tests, su’ch as the chi-square 
test, are available for determining whether a given set of data is indeed normally 
distributed when a visual comparison with the normal curve is not conclusive. 
The standard deviation is a’measure of the dispersion of the data: 

(4.26) 

where o is the standard deviation and X is the arithmetic mean of N values of the 
quantity x. 

4.98 A normal distribution curve will have 68.27% of the values between X 
f lo, 95.49% between X 2 20, and 99.73% between X 2 30. When a given 
variation may be caused by several factors, the total variance (o’) can be 
obtained from the sum of the squares of the individual standard deviations. 
Uncertainties that are not related (correlated) to  one another can also be 
combined through the use of the standard deviation. If x is an arbitrary function 
of independent random variables xl , x, , x3,  . , x,, , 

For a normal variance, o2 of such a function can be expressed3’ as 

(4.27) 

(4.28) 

Therefore core-design criteria, such as a maximum fuel-center-line temperature, 
can be related to  design variables that can be expressed as probability functions. 

*The “nominal” specification may not always be identical to a measured mean. For 
example, manufacturing tolerances are sometimes given in the form ATo% Skewed 
distributions may also sometimes result from the nature of the process. 

I %’ 
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If the temperature, r c .  depends on a surface temperature, t,, a peaking flux 
factor, P, and a thermal resistance, R ,  the standard deviation of the temperature 
can be expressed as 

The combined standard deviation can then be used for an appropriate 
design-uncertainty evaluation. 

4.99 A number of different procedures exist for combining individual 
factors. With such a procedure the probability that a variable exceeds a given 
limit can be estimated from tolerance specifications. In practice, however, the 
methods used and the hot-channel factors obtained are part o f ,  the digital- 
computer programs used for the thermal design of the core. In considering 
transient effects and ::onie of the details of boiling systems, we must use 
computer programs since the mathematical relations required for the statistical 
treatment are quite complicated. Methods specifically designed for computer 
processing of the data have therefore been developed. In one such method33 a 
second-degree polynoniinal is developed relating the variables subject to  
uncertainty to  thermal criteria. The theory of experimental design is used t o  
determine polynominal coefficients. Finally, probability calculations are per- 
formed t o  determine how deviations may affect performance. 

4,100 Sophisticated methods for statistically combining factors have little 
justification without a body of manufacturing data to  provide meaningful 
variance information. The designer, therefore, must frequently assume that 
tolerance-specification limits are equal to the 30 values of a normal distribution. 
Table 4.1 illustrates such an approach for a pressurized-water reactor. 

4.101 Statistically significant uncertainties also contribute t o  such design 
limitations as the fuel-pin temperature. For example, Fig. 4.17 schematically 
depicts the interrelation of pin power, peak temperature, and frequency of 
occurrence.34 In this model the direct contributors are assigned a relative 
frequency of occurrence of 1 .O, and the statistical contributors are individually 
chosen t o  represent 3u confidence limits and are normally distributed. Their 
combined effect therefclre also represents a 3 u  limit. 

4.102 Another type of representation of the influence 'of hot-channel 
factors on core-temperature trends is shown in Fig. 4.18. The relative 
temperatures of fuel, cladding, and coolant will vary, of course, depending on 
the specific design and coolant-fuel selection. Hot-channel factors are therefore 
the link between the nominal calculated temperatures in the core and the 
probable and maximurn expected temperatures. Since the upper operational 
design limits are fixed, the hot-channel factors establish the nominal operating 
conditions, including the nominal or allowable average pin linear power. 
Although large hot-channel factors are desirable for safety and reliability, it is 
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TABLE 4.1 

Engineering Subfactor Statistical Components for a 
700-Mw(e) Pressurized-Water Reactor* 

Subfactor contributing 
to engineering heat-flux 

20 value 30 value? factor 10 value 

Pellet density 1.008 1.016 1.024 
Pellet diameter 1.0009 1.0018 I .0027 
Pellet cnriclunen t 1.0065 1.013 1.020 
Claddine diameter 1.004 I .008 1.012 

Subfactor contributing to 
rod-pitch and bowing and 
cladding-diameter factor I u value 20 value 30 values 

Pitch and bowing 1.015 1.030 1.045 
Cladding diameter 1.014 1.028 1.042 

*Froin Consumers Power Company, Palisades Plant Preliminary Description 

-1.Combination of the 30 values by taking square root of the sum of the 

$Combined 30 value is 1.062. 

and Safety Analysis Report, Jackson. Mich., 1966. 

squares yields 1.034. 

preferable t o  use factors which will gve  only a reasonable degree of confidence 
that the design limits will not be exceeded. Otherwise, core performance will be 
penalized, resulting in an unnecessarily large core volume and a proportionately 
low flux for a given core power. 

DESIGN PRACTICE 

4.103 As examples of the hot-channel-factor approach, typical methods 
used for pressurized-water reactors and t o  some extent for sodium-cooled fast 
reactors are discussed in the following sections. 

Water Reactors 

4.104’ Although details differ, practice for water-cooled reactors is to  
consider a’heat-flux factor and a coolant-enthalpy-rise factor. Each is defined as 
the ratio of the maximum quantity t o  the “core average.” These total 
hot-channel ‘factors are each the product of a ‘nuclear hot-channel factor 
describing the neutron-flux distribution and the engineering hot-channel factor 
t o  allow for variations from design conditions. The neutron-flux distribution can 
be obtained from computer calculations. Engineering hot-channel factors 
accounting for the effects of flow conditions and fabrication tolerances are made 
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Fig. 4.17 Typical graph of pin power vs. peak fuel temperature vs. frequency 
of occurrence. 

up of subfactors thai: introduce the influence of variations in fuel-pellet 
diameter, density and enrichment, fuel-rod diameter, pitch and bowing, 
inlet-flow distribution, ilow redistribution, and flow mixing. 

4.105 Fuel-assembly manufacturing-tolerance data are used t o  establish 
statistical limits for subfactors depending upon fuel diameter, density, enrich- 
ment, pitch, and b ~ w I n g . ~ '  The subfactors related t o  flow distribution and 
mixing, however, d o  not lend themselves to  statistical distribution and are 
determined from flow tests and computer studies: 

4.106 The nuclear-power-density factor in a core containing.fue1 of several 
enrichments depends on many variables, such as fuel-management schemes and 
control-rod positioning, and therefore can be considered a design limit. A value 
of about 3.0 is norrrial for pressurized-water reactors. An engineering hot- 
channel factor of about 1 .OS accounts for local variations in oxide-pellet density, 

4.107 Some typical values for enthalpy-rise factors are shown in Table 4.2. 
Note that a nuclear factor to  account for variations in heat input in the axial 
direction is also included. The calculated enthalpy rise is then used in a DNB 
calculation (54.78). Tabulations such as this should be used with caution, 
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Fig. 4.18 Typical core temperature distribution. 

however, since practice varies from one manufacturer to another. As experience 
is accumulated, design uncertainties tend to decrease with appropriate adjust- 
ment of some factors. 

C o m p u t e r  C o d e s  

4.108 Computer programs are useful in calculating and combining both 
engineering and nuclear hot-channel factors for core design and analysis. Such 
programs can avoid some of the limitations of both the statistical and the 
“multiplied together” combination methods. One example of this approach, a 
code used t o  evaluate the enthalpy rise for pressurized-water reactors,36 is 
discussed here, (5  54.109 to 4.1 12). Note that several of the subfactors are 
somewhat different from those listed in Table 4.1, since practice varies among 
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TABLE 4.2 

Typical Pre ssurized-Water-Reactor Enthalpy-Rise Factors* 

Heat-input fac:tors 
Nuclear enthalpy-rise factor (axial power) 1.83 

1 .os 

Total-heat-input factor 1.92 

Engineering faktor on hot-channel heat input 

Flow factors 
Inlet plenum maldistribution (input) 1 .os 
Rod pitch, bowing, and cladding diameter (input) 1.065 
Flow mixing (input) 0.85 
Internal leakage and boiling-flow 1.25 

redistribution (code output) 

Total flow factor 1.20 

aHhot channel 
Total enthalpy-rise factor 2.304 

*From Consumers Power Company, Palisades Plant Preliminary 
Description and Safety Analysis Report, Jackson. Mich., 1966. 

manufacturers. Althou.gh various values are mentioned for orientation purposes, 
some of these values are likely to  decrease as experience in operating, the reactor 
is gained. Such codes may be included in comprehensive computer approaches 
for the thermal-hydraulic analysis of cores (54.139). 

4.109 The code applies to  an open-channel reactor core with attention 
given t o  flow distributjon and mixing. Applicable subfactors follow: 

1 .  A lower plenum subfactor that accounts for local flow nonuniformity at 
the core inlet. A value of 1.07 is often used. 

2. A flow' redistribution subfactor that accounts for reduced flow in a hot 
channel owing to  an increase in pressure drop caused by nucleate boiling. A 
value of 1.05 was used for reactor core I at the Yankee Nuclear Power Station at 
steady state. This value increases at overpower conditions when nucleate boiling 
intensifies in the hot  channel. 

3 .  Fabrication-tolerance subfactor. This subfactor accounts for the local 
flow slowdown between fuel rods due to  a reduced pitch and the possibility of 
bowing of the fuel rods. A value of 1.  I O  was used for Yankee core 1 .  

4. Fuel variation subfactor. A subfactor that accounts for the change in 
enthalpy rise due to variations in pellet diameter, density, enrichment, and 
eccentricity. A value o-f 1.04 was used for the Yankee reactor. 

5. A flow-mixing factor that accounts for the enthalpy change caused by the 
flow mixing between channels: A value of 0.95 is of ten ,  assigned, t o  this 
subfactor. , 
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4.1 10 Each of these subfactors is evaluated individually. Such evaluation 
may include statistical methods, if applicable. A challenge is how to apply them 
in a core design without introducing repetition. For example, a flow decrease at 
the inlet of a ho t  channel reduces the pressure drop in this channel. It would be 
a repetition t o  apply simultaneously the flow-redistribution subfactor to avoid 
excessive pressure drop in the same hot  channel. A decreased flow a t  the 
hot-channel ‘inlet could also result from a reduced pitch and bowing of fuel rods. 
The effect on enthalpy rise can then be charged to  either of the these reasons 
but not to  both. A constant mixing subfactor assigned t o  all reactors with 
different power distributions is also not valid, because the effect of mixing on 
enthalpy rise depends on the radial thermal gradient between the channels (i.e., 
on power distribution) as well as on flow conditions. 

4.1 11 Another way to account for various hydraulic and nuclear effects on 
the enthalpy rise is t o  calculate the “hot-assembly factor” by superimposing the 
power distribution among the assemblies on the inlet-flow distribution with flow 
mixing between assemblies. Then the “hot-cell factor” is calculated by 
superimposing the normalized local power distribution within the hot  assembly 
on the flow areas of the unit cells; these are formed by the fuel-rod lattice and 
the boundary of the fuel assembly with flow mixing between the channels. The 
total hot-channel factor is then the product of a hot-assembly factor and a local 
hot-cell factor. This calculation is quite complicated but can be accomplished 
with a digital-computer code. In this code variations in coolant properties along 
a group of heated fuel assemblies are calculated with Ap, AV, and AP in each 
fuel assembly chosen as the independent variables. Fluid enthalpy is related to  
density with the use of coolant properties. Using ,experimentally derived 
relations, one obtains the cross flow between adjacent assemblies from the 
pressure difference between the assemblies. 

4.1 12 An inlet density and pressure distribution are required for the code, 
and the inlet velocity distribution is estimated. The code then determines the 
density, velocity, and pressure stepwise u p  the core and in general indicates a 
nonuniform outlet pressure distribution. Inlet velocities are then adjusted in an 
attempt t o  arrive at a uniform outlet pressure distribution by using the outlet 
pressure distribution as a guide and maintaining the same total inlet mass flow. 
The process is repeated until a uniform outlet pressure distribution is 
approached. The code prints out the fluid velocity, density, enthalpy, mass 
velocity, and static pressure at  each-length step for each fuel assembly or group 
of assemblies. The mass and heat balance are also checked. Within an assembly 
the lateral resistance between the fuel-rod lattice is very small, and the effect of 
local cross flow on the exit pressure distribution becomes negligible. 

Other Effects 

4.1 13 The effect of both fuel burnup and schedules for fuel loading on the 
detailed radial and axial power distribution will, in turn, affect the parameters 
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described by the engineering hot-channel factors. Whether or not such changes 
will be described by so-called nuclear factors, included in the appropriate 
engineering factor, or nierely described in detail by a computer calculation will 
depend on specific design procedure. 

4.114 I t  is also important to keep in mind the influence of secondary 
effects on the power-distribution factor. For example, if a nuclear enthalpy-rise 
factor for a water-cooled reactor is based on a power distribution, the value can 
be multiplied by (1) ;I local peaking factor to  account for the presence of 
control-rod followers, water slots, etc., and (2) a transient hot-channel factor 
corresponding to the motion required for small step changes (-5%) in power. 

4.115 In the study of core-design parameters, it is important to  consider 
the dependence of power distribution on core height, enthalpy rise, and burnup. 
As an example, assum': that a reactor with a core height of 10 ft has been 
designed to  produce a given power output. For a new reactor with a 10% higher 
output, the designer might propose an increase in the core height t o  11 ft and 
maintain the same average power density. However, the axial hot-channel factor 
might be greater in the 1 I-ft core. If the increase in the channel factor is IO%, 
the power capability would not increase at  all with the 11-ft core height, 
assuming a burnout heat-flux limitation. '.In fact, the power distribution will 
probably become worse as the enthalpy rise increases since the water density 
becomes more nonunifcrm. 

Fast Reactors 

4.1 16 The hot-channel-analysis approach for fast reactors is essentialIy the 
same as that used for light-water thermal systems. In fact, differences in practice 
among manufacturers tend to  be greater than differences between hot-channel 
methods. For light-water reactors, however, operating experience tends to  
reduce the value of sonie of the factors used, a trend not yet possible with fast 
reactor systems. One approach for designing fast reactor cores is described here 
to  provide additional perspective. 

4.1 17 Major hot-channel factors considered in a sodium-cooled fast breeder 
are those associated 'with fuel-pin temperatures and enthalpy rise. Eight 
enthalpy-rise subfactor!; in two grpups demonstrate the techniques used. The 
first group includes nuclear-uncertainty subfactors that affect the axially 
integrated neutron flux and, in turn, the power generation and enthalpy rise for 
a particular coolant channel in the core. 

4.1 18 One source of  uncertainty is the approximate physics calculational 
methods used. If flux values are obtained via the diffusion approximation in two 
dimensions, an error of about +5% is expected for the axially integrated flux for 
a partially spoiled core. A second flux-peaking uncertainty that affects the 
axially integrated flux occurs at the local core-zone interface from the 
enrichment ratio between the two adjacent core zones. This ratio can vary at 
different zone boundaries since fuel pins are loaded by batch methods. An 
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uncertainty of about ?5% on the nominal peaking value and consequently in the 
axially integrated flux is introduced by this effect. 

4.1 19 Since these uncertainties are statistical and independent, the total 
nuclear uncertainty for the integrated axial flux is 

( 3 U J 2  = 3* uf  + 3 2  D2’ = (0.05)2 t (0.05)2 (4.30) 

30 = J0.002S + 0.0025 = 0.07 1 (4.3 1) 

The nuclear hot-channel factor is therefore 1.0 + 3u, or 1.071, for the enthalpy 
rise in a given coolant channel. 

4.120 Subfactors in the second group arc of an engineering nature, 
associated with the following physical effects: 

1. Maldistribution of 
2. Mixing of the coolant,f,,,. 
3. Measurement instrumentation and control, fcont .  
4. Manufacturing tolerances in fuel-pin pitch and outside diameter, f&, . 
5. Fuel mass per pin tolerances,f,,,,. 
6 .  Fissile isotope variation per fuel pin,./&. 

The inaldistribution of coolant, mixing of coolant, and instrumentation 
subfactors are taken as being nonstatistical and are combined by the factor- 
product method. The maldistribution of coolant, referring t o  the variation in the 
coolant flow through individual channels, includes the effect of the plenum 
geometry. In this case jmal is taken t o  be 1.05 on the basis of engineering 
judgment . 

4.121 Interchannel mixing promotes energy transfer from the hot channel 
and, consequently, reduces the enthalpy rise of the coolant in the hot channel. 
Current literature reflecting experimentation suggests a value of 0.95 for fmi,. 
The subfactor f c o n t  (equal to  about 1.03) is used because instrumentation 
possibly may not read the true thermal and neutron characteristics of the core. 

4.122 The engineering subfactors reflecting uncertainties of the pin pitch, 
pin diameter (and consequently the flow area), fuel-mass loading per pin, and 
fissile-isotope variation per pin are statistical in nature. Experience with 
light-water systems indicates that both the pin pitch and the fuel-pin outside 
diameter vary normally about the nominal design value, with a 30 confidence 
that the hot-channel flow area will be within 0.97 of the nominal area. The 
second uncertainty of interest is that of fuel-mass quantity per pin which reflects 
variations in both fuel density and diameter. Experimental data show a normal 
distribution of fuel mass per pin which results in a 30 subfactor of 1.004. 
Another effect on the heat generated per pin is the variation of the fissile-isotope 
concentration per pin. Since in this example the PuO, and U 0 2  materials are 
blended mechanically in small batches to  make up the fuel-pin load, a variation 
of plutonium per batch is expected not t o  exceed. l .7% of the nominal or 
specified value with a resulting subfactor of 1.017. 
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4.123 The preceding subfactors were combined through the use of a 
computer code, which calculated the enthalpy rise in a nominal hot channel and 
then ran parallel cases corresponding t o  the deviations expressed by the factors. 
A less sophisticated approach is t o  combine factors either statistically or by the 
product method as appropriate foi- each type. 

EXAMPLE OF A FUEL-PIN TEMPERATURE PROFILE 

4.1 24 A number o f  the design considerations contributing to  the maximum 
temperature of a fast reactor fuel pin are illustrated by the following cxample, in 
which an annular oxide pellet is used. a design choice that is gaining favor since 
it has the effect of anticipating the formation of a central void (54.48) .  A 
typical temperature profile for a pin of this type is shown in Fig. 4.7. 

Example 4.1 

The objective is to  check on published thermal-analysis data" for an 
oxide-fueled fast reactor having a core thermal power of 2125 Mw; the core 
consists of 498 hexagonal fuel assemblies with 123 pins per assembly. Other 
specifications follow: 

Total coolant flow rate, 1.14 X 1 Os Ib/lir 
Overall coolant-temperature rise, 250°F 
Coolant-temperature rise through core, 263°F 
Coolant-temperature rise through radial blanket, 263°F 
Coolant inlet temperature, 950°F 
Fuel Pin: 

Outer diameter of cladding, 0.300 in. 
Inner diameter of cladding, 0.244 in. 
Length, 5 f t  
Cladding thickness, 0.028 in. 

Outer diameter, 0.2405 in. 
Inner diameter, 0.0998 in. 
Active fuel length, 4 ft 

Average linear heat generation, 8.6 kw/ft 
Average heat flux, 0.373 X l o 6  Btu/(hr) (sq ft) 

Fuel Pellet: 

Fuel Performance: 

*Allis-Chalmers. Large Fast Reactor Design Study, USAEC Report ACNP-64503, 
January 1964. 
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Power Distribution: 
(PmaxlPav)axialj  1.3 ..~ .. 

(pm a y lPav)ra d ia 1 > . 
Pma,IPav, 1.52 

Maximum Fuel Temperature at the Beginning of Fuel Cycle (as  published): 
Nominal, 3424°F 
1Hot Spot (multiplicative): 46  15°F 
Hot Spot (statistical, 99.770 confidence) (see 54.94): 386 1°F 

SOL UTlON 

1. Hydraulic Parameters 
Fuel-assembly side: 2.455 in. (given) 
Fuel-assembly hexagonal-section area: 15.6 sq in. 
Coolant area/assembly: total area - pin area 
= 4 . 8 1  X lo-' sq ft 

Equivalent diameter: - 
4(coolant area) 

wet t e d p e rim et e r 
- 4 x (4.81 x sq ft> = 1.77 f t  

10.89 ft 

2.  Flow Velocity in Hot Chamel 

mass-flow rate 
(density) (coolant area) 

Total coolant-mass-flow rate: 2.158 X l o 5  Ib/hr 

Velocity: 

= 24.4 ft/sec 
- 2.158X l o 5  - 

(5 1.2) (4.81 X w3) (3600) 

3. Heat- Trans fer Coefiicien t 
Nu = 5.0 + 0.025 Pe0.8 = 9.375 (at Pe = 631) 

= 20,050 Btu/(hr) (sq ft) (OF) 
Nu X k - 9.375 X 37.8 

11 =- - 

4.  Hot-Channel Values as Given: 
Coolant rise = 1.46 
Film-temperature drop = 1.49 
Cladding temperature drop = 1.44 
Temperature drop through gas = 1.44 
Fuel-temperature drop = I .52 
Pmax/PaV = 1.52 
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5. Hot-Channel Temperature Profile 
Coolant bulk temperature at half-channel height: 950 -t ‘I2 (263) 
(1.46) = 1142°F 

(film At t’actor)(P,,,/P,,) 
X- 

h A 
tfilrn = ~ 

1.49 X 1.52 
20,050 

- x 3.75 x 105 = 4 2 . 3 ” ~  

Cladding surface temperature: 1142 + 42 = 1184°F 
thickness 

Atclad =(1.52)(1.44)  (+) ( ) = 191°F 

- (1.52)(1.44)(3.75 X lo5)  = 8210F 
“clad gap  - - 

where a heat-transfer coefficient of 1000 Btu/(hr) (sq ft) ( O F )  is assumed 
for the cladding gap 

Outside-fuel-surface temperature: 1184 + 191 -t 821 = 2096°F 

1000 

For Atfuel apply 

(see 84.26). Average linear-heat-generation rate = 8.6 kw/ft; k = 1.6 
Btu/(hr) (sq ft) (“F/ft). 

2( 0.0998)’ In -1 0.2405 
(0,2405’ - 0,0998’) 0.0998 

(1.52)(1.52)(8.6)(3412) 
47f x 1.6 Atfuel = ~ 

= 2110°F 

Inner-fuel-surface temperature: 2096 -t 21 10 = 4210°F 
This result of 4210°F compares with the published value of 4615°F for 
multiplying hot-spot factors. A measure of the uncertainty of this type of 
calculation is seen by comparison with the published value of 3861°F 
obtained by statistical treatment of the hot-spot factors. 

SAFETY-RELAT’ED THERMAL-DESIGN CONSIDERATIONS 

INTRODUCTION 

4.125 Analysis associated with safety considerations is important to  reactor 
design. Thermal transport, in turn, is basic to accident-propagation models for 
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safety analysis (386.124 and 6.151). For example, in water reactors, a feature 
of the anatomy of a loss-of-coolant accident is the very transient thermal picture 
of the decreasing heat-removal capability of tlie primary coolant as it vaporizes 
during blowdown, the continuing heat input from the fuel. and the heat- 
withdrawal capability of emergency core cooling and other engineered safety 
features. As another example, the thermal analysis of the fuel assembly of a 
liquid-metal-cooled fast breeder reactor after a coolant-flow blockage includes a 
description of the coolant flow as it progresses through various two-phase flow 
regimes as well as a consideration of tlie corresponding transient temperature 
pattern of the fuel. 

4.126 Analysis of abnormal operating conditions differs somewhat from 
accident analysis. The partial loss of coolant flow due to  an inadvertent pump 
shutdown, for example, must be studied by the designer but is not classified as 
an accident with associated fast transients. 

4.127 A transient thermal analysis can be applied to any part of the 
thermal-transport system that is relevant to  safety considerations. The general 
approach is likely to  be similar to  that for steady state with the important 
addition of capacitive terms into the descriptive equations as well as time as a 
variable. If an accident or abnormal operating situation is considered, such 
conditions as temperature and pressure may also be very different from those 
considered in tlie steady-state case. Safety-related thermal considerations are 
very important to  design and cover a wide range of possible cases. Two such 
cases, sodium-boiling initiation in the fuel channel of a liquid-metal-cooled fast 
breeder a i d  the loss-of-coolant accident in  a thermal reactor, follow as 
illustrations. 

EXAMPLES OF THERMAL ANALYSIS 

Sodium-Boiling Initiation 

4.128 In a sodium-cooled channel, the initiation of boiling after the sodium 
has been superheated for several hundred degrees can have rather serious 
consequences. The very rapid formation of a large volume of sodium vapor in 
the channel will severely restrict the coolant flow. In fact, analytical models3 
of the process show that the coolant flow may even be reversed. Reduced 
heat-removal capability is likely t o  cause overheating of tlie fuel and then failure. 

4.129 Whether or not superheating is included in tlie model is a basic 
difference in approac l~es .~  For example, if superheat is not considered, vapor 
growth is described according to  tlierniodynaniic equilibrium. In equilibrium 
models the system is normally defined in terms of the conservation equations of 
mass (continuity), momentum, and energy for a two-phase fluid flowing upward 
in a vertical channel. An additional relation provides the volume fraction of 
vapor in the two-phase system. Computer representation is essential for this 
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approach. Even when :;uperheat is not considered, simplifying assumptions are 
necessary to  keep the model from becoming too complex. For  example, in some 
early work a constant saturation temperature was used during the transient 
throughout the channel. Subsequent models, however, provided for variation of 
the reference pressure (or saturation temperature) along the channel according 
to  the steady-state profile during the two-phase transient. 

4.130 Nonequilibrium models that take into account superheating normally 
empirically relate nucleation to superheat with the use of experimental results. 
Variables that appear to  affect superheat behavior include the heat flux, nature 
of the heating surface, fluid velocity, and physical properties. Since considerable 
uncertainty is involved, it is often useful to  consider the superheat as a 
parameter of the study. 

4.131 In either analysis approach the next need is an accurate description 
of the point-to-point loss of coolant flow along a channel and the resulting 
temperature pattern. AII autocatalytic situation exists since decreased coolant 
flow tends to  enhance bubble formation that further restricts the flow. In fact. 
the rapid increase in vaporization could cause a downward pressure pulse that is 
likely to  reverse the normal upward flow of coolant. Without heat removal the 
'cladding temperature rises rapidly and failure results unless countermeasures are 
taken. 

4.132 Since, in a sodium-cooled fast reactor, either the formation of a void 
or an increase in fuel temperature (Doppler effect) affects the reactivity, a 
realistic model for the thermal behavior should be coupled with a model for 
reactor kinetics. Calculation models of this type have been developed in which a 
description of the spatial and temporal distribution of sodium-vapor void in a 
reactor channel during power and flow-coastdown transients includes the effect 
of Doppler reactivity and void feedback on the reactor power vs. time-driving 
function.39 

4.133 An important objective of this type of analysis is to develop a 
knowledge of how rapidly the cladding and fuel temperatures will Fisc as a 
function of various design parameters as an aid in the design of the control 
system and engineered safety features (86.166). Some typical results developed 
by this type of computer model are shown in Fig. 4.19. Temperature profiles for 
both cladding and coolant are given with elapsed time from the voiding as a 
parameter. , .  

Light-Water-Reactor Transient Fuel-Pin Temperatures 

4.134 In the design of light-water reactors, the transient-temperature 
response of fuel pins to the design basis (86.1 22).loss-of-coolant accident is an 
important feature of the safety evaluation. A performance picture can be 
developed with the aid of a .  computer model. I n  one analysis4' for a 
pressurized-water reactor, a one-dimensional radial representation is used for 
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Fig. 4.19 Cladding and coolant temperature profiles at various times after 
initiation of boiling. 

fuel, gap, cladding, and coolant. Decay power and bulk coolant temperature as 
functions of time were provided by other codes. The surface-heat-transfer 
coefficient during blowdown was assumed to  be 20,000 Btu/(hr) (sq f t )  ( O F )  
until critical heat flux was reached, when it would drop itntnediately to  175 
Btu/(hr) (sq f t )  ( O F )  and then decrease exponentially to  zero in about 8 sec. 

4.1 35 A typical cladding-surface-temperature history after a loss-of-coolant 
accident is shown in Fig. 4.20. In this figure the realistic case is the one showing 
the effects of decay-heat input to  the fuel pin and heat removal to  the coolant 
during blowdown. Other curves reflect the importance of the three factors 
involved: (1)  internal energy initially stored in the fuel pin during steady-state 
operation, (2) decay heating of the fuel pin during the transient, and ( 3 )  energy 
removed from the fuel pin by blowdown heat transfer. 
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Fig. 4.20 Effects of decay heating and blowdown heat transfer on fuel-pin- 
cladding surface t'mperature for a large pressurized-water reactor. 

4.136 In a different analysis for a similar situation, the influence of core 
quenching is  ons side red.^ As part of the backup protection in designs of large 
pressurized-water reai:tors for the unlikely event of a blowdown, provision is 
made to  inject borated water to  flood the reactor core and to  provide additional 
cooling to  prevent fuel failure. Figure 4.21 shows the hot-spot cladding- 
temperature history after the double-ended rupture of a main coolant pipe. As 
an aid t o  the design of the quenching system, the heat-transfer coefficient 
between the cladding and the injected fluid is considered a parameter. The 
quenching liquid initially vaporizes as it comes in contact with the hot  cladding. 

4.137 A delay of 18 sec after the pipe rupture is assumed to  initiate the 
quenching, although cooling during the blowdown period occurs for only 9.5 
sec. In this case a heat-transfer coefficient of 15 Btu/(hr) (sq ft) ( O F )  provides 
sufficient cooling to control the temperature rise. A somewhat higher value is 
needed, however, to  reverse the rise. 
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Hot-spot cladding temperature vs. time for a 36-in.-ID double-end 

4.138, Another type of analysis, usually part of the core design, is to 
determine the maximum number of coolant-flow channels that could experience 
partial flow blockage without jeopardizing fuel-cladding integrity. For example, 
in  many pressurized-water reactor designs, the flow to several of the innermost 
fuel assemblies can be reduced by as much as 85% before critical heat flux is 
approached. This type of consideration i s ,  often part of the safety evaluation 
required for reactor licensing (86.245). ; 

COMPUTER PROGRAMS FOR THERMAL-HYDRAULIC 
DESIGN AND ANALYSIS 

4.139 Computer codes have been mentioned throughout this chapter as 
useful for the analysis of reactor thermal systems This function IS consistent 
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with the vital role being assumed by computer methods in all phases of 
engineering design where calculations of some complexity are called for. Many 
codes have therefore been developed by reactor designers to meet specific needs. 
Some of these are proprietary and are not generally available. The remainder of 
the chapter discusses several of the published codes, indicating the types of 
approaches that can be used. Some designapplications are given in Chap. 8. 

4.140 Core-design calculations are normally carried out  by computer 
nlethods that can be classified into two categories. Some prograins include a 
solution to  the neutron-diffusion equations and perhaps the kinetics equations 
(5 '5 .23)  in addition to  an analysis of fuel-element thermal-transport and channel 
hydraulics. Other prograins are limited to  a detailed steady-state therhal- 
hydraulic calculation. Each type has its use. The nuclear-thermal-hydraulic , .  
approach, wluch generally includes some simplifying assumptions, is very useful 
for the type of transieut analysis required for a safety evaluation. I n  the detailed 
core design, however, a complete thermal-hydraulic analysis is necessary and 
can be carried out with only limited iteration with the nuclear design. The 
second approach is useful for this purpose. 

4.141 An examplr: of the first type ,is,SPLOSH-11, a two-group code that 
describes the kinetic behavior of the priinary loop of water-cooled  reactor^.^ 
The code is one-dimensional since the neutron diffusion, fuel element, and 
hydrodynamic equations are solved siinultaneously for an average channel. Other 
channels can be related to  the average channel by factors, although there is no 
provision for feedback. A number of subroutines are included to  calculate initial 
conditions, heat flow, hydraulic flow,, nuclear constants, and the nuclear 
kinetics. After the initial conditions are determined, the calculation proceeds by 
incremental time steps with neutron flux, fuel temperatures, etc., determined at 
each time step by an iterative routine. Computer time depends on the number of 
mesh points (55.90) representing the system and the size of the time steps. 

4.142 THEME I of the second type performs a steady-state thernial and 
hydraulic evaluation of a subchannel of a inultirodded fuel element in a 
single-pass, organic-cooled reactor core.4 Given the basic reactor pararne ters of 
power, exit temperature, temperature rise, fuel length, power distribution, and 
fuel-elenlent geometry, the program will calculate the various thermal and 
hydraulic parameters for the limiting fuel channel. In addition, coolant, surface 
temperatures, local vdocities, and critical-heat-flux ratios for various axial 
positions are calculated for the subchannel. 

4.143 Another type of code, useful for hot-channel subfactor calculations, 
is for the detailed hydraulic analysis of a core with emphasis on flow 
distribution. COSMO rnakes use of a closed-channel model with adjustments in 
flow possible from channel to  channel as local boiling occurs.44 CAT-11, 
priinarily for transienl. analysis, is based on an open-channel model in which 
there is no resistance to cross flow.4 

4.144 REPP is another example of a comprehensive thermal-hydraulic 
code intended for core design.46 It uses a one-dimensional representation to 
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calculate heat removal from circular rods with a nuclear heat source. Two 
constraints, burnout heat flux (using the W-3 correlation) and fuel-center-line 
temperature, are used t o  determine reactor core size and fuel-pin diameters. The 
pressure drop, the coolant temperatures, surface heat fluxes, and fuel-center-line 
temperature are predicted from the input data and a thermal energy balance at 
various mesh points along the core. For a design problem the analysis is divided 
into two main divisions. The first division develops a mathematical model. The 
second division predicts the thermal and hydraulic conditions through the core 
using hot-channel analysis. An iterative process between the two subdivisions is 
used t o  design within specified fuel-center-line temperatures and heat-flux limits 
for a given reactor power level. 

4.145 The code is particularly useful in conjunction with a nuclear burnup 
code (§5.100) for fuel-element and lattice design. For example, REPP can be 
used to determine a range of rod sizes and lattice spacings which optimizes heat 
removal within the core. Nuclear analysis can then be made over this range of 
potential cores to  minimize fuel-cycle cost. Additional discussion is given in 
Chap. 8 (88.75). 

4.146 Other types of thermal-transport codes are designed primarily for 
studying the consequences of accidents considered as part of the safety analysis. 
For example, FLASH is a digital program that calculates flows, inventories, 
pressures, and temperatures in a pressurized-water-reactor primary system during 
a loss-of-coolant a ~ c i d e n t . ~  Starting with calculations of the rate of coolant 
efflux through assumed leaks, it calculates inflow from the fill system, inventory 
of water above and below the core, pressure drop across the core, flow through 
the core and loops, neutron and gamma heating in the fuel, and heat transfer 
from the fuel t o  the coolant. It calculates the fuel temperatures in both hot  and 
average channels of the core. Thus it provides a direct measure of the 
effectiveness of the system design and operating procedures in preventing fuel 
melting. Since various assumptions regarding the behavior of materials under 
extreme conditions are necessary in accident models, codes such as FLASH are 
frequently updated as additional information becomes available. 
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N [,IC I e a r - An a lysis 
Methods 

INTRODUCTION 

5.1 In the engitir:ei-ing design process ( 3  1.271, a “solution” to problems 
must be selected from among alternates on the basis of various criteria. For a 
nuclear power system, an essential part of the design is the specification of the 
core, which depends cln. its nuclear characteristics. These nuclear characteristics 
affect the neutron behavior and, in turn, the neutron flux and power 
distribution. However, the power distribution markedly affects the ‘thermal 
hydraulics, fuel design, and economics. Interplays with other design parameters 
are also effective. 

5.2 Selecting specifications of the core ,  therefore involves iteration with 
other areas to contribute to an integrated reactor-system design. Some aspects of 
these interplays are considered in Chap. 8. To contribute to  the design, we must 
describe the core neutron behavior. In this chapter methods. needed for such 
description and some of the parameters affecting them are examined. 

5.3 An analytical description of core neutron behavior in terms of 
materials, temperatures, dimensions, tiine, etc., can be ‘considered a separate 
discipline known by various ‘names, such as reactor physics, reactor theory, and 
reactor analysis. Part of this subject is certainly concerned with theoretical 
nuclear physics and various ways of describing the nature and behavior‘ of 
matter. On the qther hand, the designer is primarily interested in applying 
calculation methods developed from the theory. Here the term “nuclear 
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analysis” will describe the design-oriented part of the subject. The theoretical 
basis of a calculation method must of course be understood for the most 
intelligent use of the method. 

5.4 Since nuclear-analysis calculations are normally carried out by spe- 
cialists, the core designer can focus his attention on understanding why the core 
behaves as it does and take steps to correct deficiencies. He is likely to  work 
closely with another member of the design team who is responsible for the 
calculations. However, the nuclear-engineering graduate student who is develop- 
ing design background will want to carry out some core calculations for himself. 
This chapter provides the student with a brief survey of calculational approaches 
with occasional detail to improve understanding. To develop proficiency in a 
specific method, he should consult other sources. 

COR E D ESlGN F EA TUR ES 

5.5 Considerations affecting the core design are mentioned throughout this 
book, and some requiring a description of the core neutron behavior are given 
here. 

Power Generation 

5.6 Core energy production is primarily the result of neutrons interacting 
with fissile atoms. Since the power distribution as a function of both space and 
time is of major engineering importance, the designer must know the neutron 
distribution also as a function of space, energy, and time. Iterations are involved, 
of course, in fixing the core specifications that contribute to  the neutron 
balance. These include the core enrichment, moderation, geometry, and planned 
changes with time as required for fuel management. 

5.7 As emphasized in Chap. 4, nuclear power-peaking factors contribute 
strongly to  the hot-channel analysis from which limits on the thermal design are 
derived. Nuclear peaking factors for various operating inodes must also be 
considered part of the nuclear analysis. For example, Fig. 5.1 shows the axial 
distribution of power expressed as the maximum-to-average ratio, PIP, for two 
conditions of operation for a large pressurized-water reactor. The first 
condition, a group of control elements partially inserted for transient control 
after a power-level change, yields a power ratio of 1.70. The second, a somewhat 
idealized situation when all rods, including those for xenon overrride, are 
withdrawn, yields a cosine power distribution with a 1.50 power ratio in the 
center of the active core. Although the local linear heat rate is less in the second 
case, the approach t o  DNB (Departure from Nucleate Boiling) is closer since the 
peak occurs farther up the channel. 

5.8 Another type of analysis for a different pressurized-water reactor2 is 
illustrated in Fig. 5.2, where the shift in axial power pattern is considered at 
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Fig. 5.1 Axial power patterns. 

various overpower levels. The changing pattern is caused primarily by a decrease 
in moderator density near the top of the core as its temperature increases 
( 3 5.1 2). 

5.9 Since the time-integrated spatial power distribution determines fission- 
product buildup and isotopic changes in the fuel, which, in turn, affect the 
instantaneous power dis,tribution, a second major analytical requirement is t o  
describe such time-dependent changes as burnup proceeds. 

5.10 In general, the designer would like to choose parameters that will 
produce a radial and axial power distribution which is as flat as possible 
throughout the core lifetime. At the same time, it is necessary to  provide 
sufficient reactivity,* as contributed by fuel enrichment, to  yield optimum fuel 
exposure and yet maintain adequate reactor-control requirements. 

*Reactivity is used here as a qualitative measure of the capability of the fuel to maintain 
a chain reaction. 
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Reactivity and Control 

5.1 1 A second major nuclear design consideration is the calculation of 
reactivity under all projected operating conditions. Control elements and their 
behavior also require special attention. Design approaches and requirements are 
treated in Chap. 6. For the nuclear description of the core, however. both the 
contribution of control features to the neutron balance and the control spatial 
arrangement specified by the designer are important. For example. the details of 
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the neutron-flux distribution will be affected by the decision to use well- 
distributed sinall poison rods for control elements or large cruciform blades, as 
well as by the amount of “worth” assigned to burnable poison fixed in fuel 
locations and absorbers such as boron that may be dissolved in the water 
coolant. 

5.1 2 Safety-related considerations are an important feature of the core 
design. As discussed in Chap. 6,  the response of the reactor to both abnormal 
operating conditions and possible accidents depends on reactivity feedbacks 
based on changes in the neutron balance. For example, in a water-moderated and 
-cooled reactor, expansion of the coolant-moderator by heating reduces its 
density, which has several effects including enhanced neutron leakage and 
spectral hardening, w i h  a resulting decrease in reactivity. The core neutron 
behavior must be described for such considerations. 

Core Specifications 

5.13 Many of the core specifications affect and are affected by the neutron 
behavior in an iterative way. In both thermal and fast reactors, the geometric 
layout, including lengt.3, diameter, and enrichment zones, is closely related to  
the neutron balance and hence is part of the nuclear design. Similarly, the 
fuel-elenlent geometric array and the design of the fuel pin itself are related to 
the nuclear description. The composition of nonfuel materials, including the 
moderator. has a marked effect on the neutron balance and the nuclear design. 

5.14 Since iteration plays such a role in the design, possible approaches 
differ, depending on where the iteration cycle is entered and what parameters 
are initially regarded as independent. It is sufficient here to  emphasize that the 
nature of the interrelations justifies describing nuclear behavior as a design aid. 

ROLE OF THE COMPUTER 

5.15 The unique role played by the computer in reactor-core analysis can 
be appreciated by considering the parallel development of digital computers and 
reactor physics. During the early 1950s the first corninercial stored-program 
computers were developed to meet the needs of AEC laboratories and 
contractors in weapons and .reactor d e ~ i g n . ~  As lengthy numerical computations 
became possible, it was no longer necessary to  depend on difficult analytic 
solutions for very simple models, and more-general approaches were developed. 

5.16 Since early computers were limited in speed, storage capacity, and 
other features, simplified computational methods gving inexact results were 
necessary. As the capabilities of computers increased, some of the computational 
restrictions were removed, and better approximations to  theory became possible. 
The sophistication in analysis therefore paralleled advances in computer science 
and t e ~ h n o l o g y . ~  Since digital-computer-oriented methods are used almost 
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exclusively for the nuclear analysis o f  practical cores, this discussion is priniarily 
concerned with such approaches. Pertinent background material on reactor 
physics is available e l ~ c w l i e r e . ~  ~ 

GENERAL COMPUTER APPROACHES 

IN TR 0 D UC TI0 N 

5.1 7 Although tlie evolvement of calculation approaches a s  computers were 
developed is ;in iiiterestilig and useful ~ t o r y , 3 9 ~  only a few comnients are given 
here. primarily to provide perspective. Early criticality calculatioils were based 
oil om- or two-group age-diffiision theory with the parameters derived from 
integral experiment correlations. As computer capability improved, a soniewliat 
more sophisticated approach involved the use of three or four energy groups in  
one-dimciisional diffusion-theory programs written for slab, cylindrical, and 
spherical geometry. A fiirtlier sopliistication as larger computers became 
available was the development of two-dimensional calculations using niultigroup- 
diffusion theory. Wlien cylindrical geometry is assumed, both composition and 
flux can be varied in both the radial and the axial direction. A representation 
very iiscfiil for design is then achieved which is ,widely used today. 

5.1 8 An adequate description of neutron thermalization has been a 
cliallenge. An early method was to adjust cross sections obtained by crude 
spectrum-averaging procedures to agree with critical experimental measurements. 
This approach, indeed an art, was particularly difficult for a therinal-spectrum 
reactor, in  which the neutron-absorption cross section is large relative to  the 
moderating characteristics. Spectral shifts due to  changes i n  reactor composition 
provided an additional complication. 

5.19 A significant effort has therefore been devoted to  tlie development of 
an accurate representation of neutron thermalization, taking into consideration 
complex neutron interactions with moderator atoms. Such treatments have been 
very useful for determining physical constants for criticality calculations 

5.20 Another challenge was to develop transport-theory-based metliods to 
perinit calculations for reactors with small, fast cores, namely, problems 
involving regions of strong neutron absorption or large discontinuities (, 8 5.68). 

(85.34). 

MULTIGROUP METHODS 

5.21 Most design calculation methods involve a multigroup approac11,~- * or 
a variation o f  it, wherein the reactor neutron-balance equation is separately stated 
for each of a number of neutron energy groups. Multigroup theory is covered in 
detail in the literature and hence will not be discussed here. For the 
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representation of a reactor of practical design, some approximation to the 
Boltzmann equation that is convenient for inachine computation is necessary. I 
Generally, the objective is to determine critical-eiiriclinient requirements. with 
the shape and energy dependence of the neutron flux obtained ;IS part of the 
calculation. Even for P one-group problem, materials. boundary conditions. and  
necessary nuclear constants must be specified. Idowever, in a multigroup 
kalculation the value of these constants also depends on the relative flux in  each 
energy group. An iterative procedure that starts with a n  cstimatcd flux and  core 
size is therefore necessary. A typical procedure for carrying out such ;t 

calculation, shown in Fig. 5.3, is discussed in  the following sections. 
5.22 The calculation first concerns the generation of cross sections and  

other nuclear constants for the subsequent criticality calculation. Computer 
programs (codes) specially designed for determining mu1 tigroup cross-sections 
and constants have been developed. Approaches for slightly enriched light-water- 
moderated reactor cores are discussed here to illustrate the principles involved. 
Except for specialized procedures to obtain constants. however, the multigroup 
approach is also applicable to cpitherinal and fast reactor systems. 

5.23 Although tiansport theory is necessary for certain applications 
(95.68), diffusion theory is very useful for many design requirements. As a basis 
for discussion, therefore, the familiar diffusion equation is considered in the 
following form for a 1ei:hargy group, j ,  and a single component: 

where j refers to the group, Y the positional coordinate, and / the time variable.* 
In the second term, Cj( r )  is the absorption cross section for the j group neutrons, 
plus the cross section for scattering neutrons out  of the j group. The source term 
consists of the net neutrons scattered into the group plus the number of fission 
neutrons in the j group from fissions in all other groups, 

i-- I J 

where 2k- j  is the scattering (inelastic and elastic) cross section from group k to 
J 

1 
groupj, x is the fission spectrum normalized to  Z xi = I ,  and J groups exist. 

5.24 The diffusioq equation, particularly the source term, is sometimes 
expressed in different ways with various notation. Remembering the neutron- 
balance basis for the various terms used will minimize confusion. however. 

*Unless specific excepti.ons are indicated, notation follows that used in Reactor Physics 
Constants, USAEC Report ANL-5800, 2nd ed., Argonne National Laboratory, July 1963. 
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5.25 The steady-state or time-independent solutioii of Eq. 5. I  is important 
to the reactor designer. We write this by introducing ii term, h,  so that the 
equation will have a steady-state solution when h is equal to unity. I n  this 
eigenvalue problem we can therefore study the effect of changes in parameters 
when h is close to unity. and @j will change very liitle i n  shape as such 
parameters are varied. 

J 
1 

j -  1 

- V. LDj(r) ~@ji(r,l + Zj:i(r) - E Ck- j (r )  4k(r) =x xj (vzf.)li(r) ~ / c ( r )  (5.3) 
k =  1 k =  I 

Applicable boundary conditions include the satisfaction of flux and curl-cnt 
continuity conditions a t  interfaces between regions. 

NUMERICAL METHODS 

5.26 Numerical methods are necessary for solving eigenvalue problem,  
except for those describing very simple reactor models. Generally, the requircd 
coupled differential equations are approximated by a set of  coupled linear 
algebraic equations based on a “grid” or “niesli” being placed over the regioii of 
interest in  the reactor. Finite-difference expressions then apply about each mesh 
point. Group fluxes and the source at each of the mesh points are then 
calculated by applying equations such ;IS Eq. 5.3 in finite-difference forni. Users 
of computer program. to apply procedures properly and resolve difficulties, 
should be familiar with numerical solution methods described elsewhere.’ A 
description of the speci;ilized matheinatics is not appropriate here, however. An 
outline to solution methods and coniputational strategy is also often found with 
code instructions. 

Many matrix methods for solving the linear-difference (iniiltigroup) 
equations use a source iteratior? p r o c e d ~ r e , ~  as indicated i n  Fig. 5.3. I n  general. 
tlie source term for each group equation can be estimated, starting with the 
fission-source distribution and an assumed flux and reactor size. The individual 
equations are then solved, starting with the highest energy group and proceeding 
to the thermal-energy group equation. From tlie flux distribution for the entire 
core obtained at the end of the cycle, a new source distribution is determined 
and the process continued until convergence within an acceptable range is 
obtained. As part of each cycle, each group diffusion equation is integrated 
numerically by iteration procedures to give the spatial distribution of the flux, a 
process known as imer  iteration. The overall process of calculating a 
second-generation source distribution from a first-generation one is called an 
outer, or source, iteration. 

5.28 The outer iteration is used to solve an eigenvalue problem. For the 
inner iteration the mathematical techniques are quite different since a set of 
inhoniugeneous linear equations must be solved. Separate tests for convergence 

5.27 
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G 
are also used since it is often possible for the ~nultiplication factor (eigenvalue) 
to  converge satisfactorily before the flux shape has been adequately deter- 

5.29 Reactor-design procedures can include a somewhat different type of 
computer-code approach which also includes an outer iteration, concerned with 
fixing or searching for gross design parameters, such as reactor size (geometry) or 
composition. Adjustments are made until colivergence criteria, perhaps based on 
a required eigenvalue,* are met. 

nu ned .4 

TYPES OF CODES 

5.30 Computer codes for nuclear design normally treat some areas of 
neutron behavior in greater detail than other areas, depending on the code 
purpose. Since there is a trade-off between coriiputing expense and accuracy of 
representation. it is not practical to  use a code that provides more detail than 
necessary or is intended for a different purpose. Often one variable, such as 
neutron energy or space, is treated in detail, and the other is approximated. 
Therefore many codes have been developed to meet varying needs. One purpose 
of this chapter is t o  indicate broad areas of code usefulness rather than provide a 
code catalog. Examples of some widely used codes are given for orientation. 

Nuclear-design codes can be classified into three broad categories: (1) 
codes to  develop energy-dependent cross sections for multigroup eigciivalue 
calculations, (2) static design codes to solve a wide class of problems that depend 
on the deterinination of the multiplication constant arid the characterization of 
the flux distribution, and (3) time-dependent codes. which can be subdivided 
into depletion codes for which the time period is long and kinetics codes for 
short time periods as required in safety analysis. 

5.32 Emphasis varies in  each category. For example, neutron energy is the 
variable of major interest in cross-section developinent codes, whereas spatial 
representation is important in the static design codes. With time as the major 
variable for category .3 codes, a physical description less detailed than that foi- the 
static design codes is usually accepted so that computer running time will not 
become excessive. 

5.33 Within each of the categories, a finer classification can be made. 
Several steps are required to transform experimental nuclear cross-section data 
to  a form useful for design calculations, with each step requiring a code. Design 
codes may use diffusion or transport theory and represent a core with different 
degrees of  dimensionality (1-D, 2-D, etc.). Time-dependen t codes also vary i n  the 
extent of representation. For example, a point inodel may be adequatc for 
calculating the clianging fuel inventory in an economics code. wliereas 2-D 

5.3 1 

*In the determination of conditions for criticality, a n  eigenvalue of unity tor A in Eq. 
5.3 is desired. However, ei!rcnvalues can he chosen t o  represent other kpecifications such ;is 
fuel concentration and dimensions (see 8 5.57). 
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representation is necessary to  study changes in power-peaking factors. Ap- 
proaches within these broad categories are surveyed in the following sections. 
Remember, however, that, to accomplish the overall core design, we mainly use 
codes that depend on one another and perform the calculation several times i n  
an iterative manner as discussed in 85.144 et seq. 

GENEFlATlON OF NUCLEAR CONSTANTS 

INTRODUCTION 

5.34 The nuclear constants in ' the inultigroup-diffusion or -transport 
equations are not at a11 constant but are energy dependent. Changes in material 
cornposition and teinperature effects in practical core systems also cause 
variations from point to point. Furthermore, since the energy distribution is not 
determined until the equations are solved, some values must be initiated in the 
calculation for the constants and then iterated as the energy distribution is 
deterniined. Since neutron energy is the variable of interest rather than other 
reactor-core characteristics, special codes designed specifically for the generation 
of constants are preferable to codes intended primarily for core design 
(reactivity etc.). 

5.35 The distinction between the two calculation approaches can be 
partially clarified by considering that design calculations are concerned with 
overall reactivity (criticality) variations, flux distributions, and material inven- 
tories whereas calculations for nuclear-constant development arc concerned 
primarily with calculating reaction rates a t  a point or i n  a cell representative of a 
given portion of the core. 

EVA L UA TI ON 

5.36 Nuclear corrstants that are to  be developed in a forin useful for design 
calculations originate with experiinental measurements and derived data. Before 
nuclear constants can be developed by special codes, the data must be put into 
usable form. The process of digesting the experiinental data, combining i t  with 
the predictions of nuclear-model calculations. and attempting to extract the true 
value of a cross section is referred to as evaluatiox The reactor designer wants 
evaluated data for a l l  neutron-induced reactions covering the full range of 
incident neutron energies for each material used in a reactor. Evaluators 
generally do not supply the data in this forin, however. Rather, they supply the 
bits and pieces, whiclt, when put together, forin a fully evaluated set of data for 
each material. A second requirement is therefore a data-processing system fi-on1 
which input can be retrieved to reactor design codes or to codes that generate 
inultigroup sets. 
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5.37 The steps required to  process measured nuclear data, into a form 
suitable for input to a reactor design code are illustrated in Fig. 5.4, which is 
based on the Ev'aluated N~icleai- Data File (ENDF) system. 

5.38 ' The Sigina Centcr lnforll1ation Storage and Retrieval "'System 
(SCISKS) in Fig. 5.4 is an automated colnpilation of experimental nucle'hr data. 
The main items stored are the measured values of cross sections, but many 
secondary i t e m  of interest to evaluators (errors, metliod, references, etc.) are 
also stored. In this  case the storage system ENDF/A accepts all evaluated data 
and ENDF/B stores complctc sets of selected data for each material needed for a 
reactor calculation. The two boxes labeled SCORE and ENCORE represent the 
cvaluation pi-occss carried out by a coinbination of hand operations and 
processing codes. FLANGE and ETOM are iiierely library-coupling programs. 
'THERMOS and MUFT-GAM are cxa1iipIcs of inany codes that accept the library 
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Fig. 5.4 Schematic of the flow of nuclear data from compilation to reactor 
calculation. Boxes: computer codes that perform some operation pn the data. 
Circles: magnetic-tape (or, card) files to store data. Solid lines: flow of data. 
Dashed lines: feedback to the evaluation phases from the testing of the data 
against the results of integral experiments. 
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data to develop therinal and epitliei-mal teactor const:ints. respectively. as discussed 
in 35.49. 5.52, arid 5.53. MC2 (Multigroup Chs ta i i t  Codes) was specifically 
developed to generate complete cross-section sets from ENDF'data (95.54) .  

. i  

G R OUP-STRUC TUR E REO Ul R EMEN TS 

5.39 Before we discuss soiiie exainples of codes for generating constants. 
readers may find helpful some general comments about the makeup of the 
groups necdcd for niultigroup core calculations. 

5.40 For slightly--nriclied 'light-water-moderatcd sys tem with solid fuel 
elements. a "few-group" diffusion-theory appro'ach using only three or four 
groups is normaIIy adequate for approxihating criticality requirements and 
power distributions. AI though a t  least a two-dimensiunal treatment is normally 
needed, the lattice- u n i t  cell may be homogenized. Thc appropriate gi-oup 
structiire depends upon predominant characteristics o f  various parts of the 
neutron energy spectrum. I n  a four-group treatnient. for example, the energy 
range for each predominant effect might be as follows: 

1 .  Fast fission and inelastic scattering (energy above 5.53 kev). 
2. Elastic scattering (5.53* kev to 1.855 ev). 
3. Resonance absorption ( I  .855 ev to 0.625 ev). 
4. Thermalization (below 0.625 ev). 

It is then possible to  tailor the calculation method, which will norinally require 
the use of a theorctic.il slowing-down model, so that it will be appropriate for 
the individual group in which one effect predominates. This particularly applies 
in the calculations for generating cross sections (, 5.48 et seq.). 

Selcctiiig the energy ranges involves several considerations. I n  the high 
energy range, a homognized approach is normally appropriate since the neutron 
mean free path is much longer than the dimensions of a lattice. A separate 
treatment of neutron motion is likely to be appropriate for each lower energy 
range. The thermal-grcup cutoff energy, for example, should be high enough so 
that upscattering of neutrons can be neglected. On the other hand, resonance 
peaks should be in the epithermal range. Although at resonance energies the 
mean free paths are smaller than lattice dimensions, a homogeneous transport 
equation, corrected by self-shielding factors (55.43), may be used. ' 

5 4 2  If a heterogeneous treatment of the lattice (55.60) is used' for the 
thermal range with homogeiieous treatments for higher energy groups, some 
approximations are necessary in calculating the slowing-down source into the 
thermal range. The epithermal flux is assumed to follow a 1/E relation for 
several lethargy intervals above the therinal cutoff energy. The slowing-down 
source is then assumed to  be isotropic as well as separable in space and energy. A 

5.4 1 

. .  

*Group cutoff energies are normally taken at even lethargy intervals which, when 
expressed in energy units, give the values listed 

GENERATION OF NlJCLEAR CONSTANTS 163 

' 

i 



choice of the therin'al-group cutoff energy should therefore take into consider- 
ation the first resonance peaks listed in Table 5.1. In slightly enriched reactors 
the distortion in the 1/E flux caused by the lowest 2 3  U and 3 5  U resonances is 
not great. In plutonium-fueled systems, however. a significant distortion results 
from the 1.05-ev Pu resonance. 

TABLE 5.1 

Peak Energies of the Low Energy 
Resonances of Thorium, Uranium, 

and Plutoliium Isotopes 

Isotope First resonance (above 0.625 ev), ev 

232Th 
2 3 3 u  
2 3 4 u  
235" 
236u  

2 3 8 ~  

239Pu 

24OP" 

24 ' Pu 
24 pU 

21.9 
1.45 
5.20 
1.14 
5.49 

6.68 
7.90 
1.05 
4.31 
2.65 

n 

5.43 Shielding on the effective cross section is another consideration. If the 
absorption mean free path of a material is small compared with its thickness, 
neutron absorption in the surface layers of the inaterial will be high, and the flux 
will be depressed in the inaterial away from the surface. The effective cross 
section therefore tends to decrease if the reaction rate is based on the surface 
flux. This is of particular concern in treatments for thermal reactors in the 
resonance region. Shielding factors for each energy group are defined as the ratio 
of the actual reaction rate and that for the same material exposed to  the 
volume-averaged neutron flux. 

5.44 Multigroup solutions of transport or diffusion equations are norinally 
used for fast reactors. The number of groups required depends on the energy 
distribution of the reaction events. For a large dilute core, where considerable 
inelastic scattering occurs and a degraded spectrum results, 15 or inore groups 
may be needed. Variations of cross sections with energy are large. Reasonably 
short lethargy intervals (about 0.5 nu) are therefore needed to reduce errors 
caused by averaging the constant over the interval. This need for a Inany-group 
treatment is due to  the wide energy spectrum for neutrons that cause fission. In 
contrast, in a thermal reactor, in which thermalized neutrons cause most fissions, 
a three- or four-group treatment is likely t o  be adequate. 
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5.45 The number of groups needed also depends on the objective of the 
calculation. A many-group calculation may be carried out, for example, for the 
sole purpose of developing a good picture of the energy dependence of the flux, 
which may be used as the basis for averaging effective few-group constants. 
Parametric design calculations can then be carried out with a few-group 
treatment a t  a considemble saving in computer time. 

5.46 Desired energy-dependent nuclear constants are as follows: 

D Diffusion coef;icient 
xu Absorption cross section 
zj+k 

V C ~  

Appropriate group averages of the constants are taken. Although the averaging 
procedures involve a number of considerations, depending on the pertinent 
reactor theory,I6 it is useful to  list some of the usual definitions. Separability in 
space and lethargy are usually assumed for each group over which cross sections 
are averaged.* As a r e d t  the averages are spatially independent, provided the 
individual cross sections are initially independent of position. For a group, j ,  
over a lethargy interv.31 from u 1  to u z ,  the averaging procedure can be as 
follows: 

The flux $( r )  in  the interval is defined as 

Scattering removal cross section from groupj  to group k 
(Number of neutrons emitted per fission) (.macroscopic fission cross 
section) 

Similarly, 

and 

or 

(5.6a) 

(5.6b) 

*Although the assumption of separability is valid only for a uniform-composition large 
(asymptotic) core, it ir. appropriate as a first approximation for the subsequent 
numerical-solution iteraticsn procedure from which a spectrum is obtained.' 
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Eq. 5.6b is a simplification of  Eq. 5.6a as a result of the space and lethargy 
separability. It is important to keep in mind that the’ actual averaging process, 
particularly in  regions of high resonance peaks, can be more sophisticated than 
we have indicated. 

SOME EXAMPLES OF GROUP-CONSTANT CODES 

5.47 Some typical codes used to obtain group constants are considered in 
this section. The physics approach d are briefly &cussed, with a level of 
technical sophistication somewhat r than elsewhere in the chapter. The 
general reader, therefore, will receive the flavor of the approach. Others, if they 
wish, can refer to reference ~ n a t c r i a l . ~ ~ ~ , ’  o,l This discussion can be omitted 
without loss of  continuity. 

5.48 For slightly enriched water-moderated reactors, usually having com- 
plex geometry and core structure. transport approaches are useful to determine 
the slowing-down distribution of neutrons, which, in turn, is needed to calculate 
nuclear constants. Different treatments are appropriate for the various energy 
groups and different moderating media (S 5.49). The need to  apply special 
techniques for the homogenization of “cells” containing strong absorbers, such 
as control rods, should also be recognized ($5.61). 

5.49 Fast- and intermediate-group constants can be calculated by using a 
slowing-down code*l such as MUFT-4 or various of it, such as 
GAM- I .  The approach used is based on a multigroup one-dimensional P I  or. as 
an option, a B1 approxiniation. The P,, treatment involves the spherical 
harmonics expansion of both the neutron distribution and scattering functions 
in the Boltzniann equation 7 , 1  with the resulting coupled set of differential 
equations i n  terms of Legendre polynomials truncated to a desired brder. 
However, the B ,  approximation, which involves a slightly different representa- 
tion of the flux and a similar representation of the scattering function by a finite 
number of terms, is said to give better estimates of the higher moments of the 
spatial neutron distribution. 

5.50 Within the P I  or the B I  treatment, various slowing-down models can 
be chosen. Hydrogen moderation can be treated exactly or by various methods, 
and an age approach or Greuling-Goertzel approximation could be used for 
nonhydrogenous slowing down. An initial value of the buckling is also necessary. 
Since the calculated group constants are not very sensitive to the buckling. little 
iteration is required. 

5.51 A “library” containing microscopic cross sections and other constants 
for various materials IS included with the code. Code input information therefore 

*Code-information inaterial is available from the Argonne National Laboratory Code 
Center and similar 
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also includes the elernect number densities* and desired group structure. I t  is 
also necessary to  account for spatial effects in the homogenized calculation, such 
as resonance self-shielding in the epitherrnal range and the Dancoff effect. 
So-called “L factors” are used in MUFT. These are equal to  the ratio of the 
heterogeneous resonance integral to  the integral calculated by the program on a 
homogeneous basis. Such “self-shielding numbers” are also required as input to 
the code. 

5.52 For thermalized-neutron constants a code2 I such as SOFOCATE, is 
useful. The energy spectrum of neutrons in equilibrium with a hydrogen-mod- 
crated homogeneous medium is determined by solving the Wigner-Wilkins 

The medium is assumed to be infinite in this equation and the 
moderator to  have an absorption cross section following the l /v  law and a 
constant scattering crciss section. Leakage effects can be’ accommodated by a 
function depending 011 the ratio of neutron absorption to  scattering. Input 
information includes ti:mperature, cross sections. atomic. densities, buckling, etc. 
TEMPEST is a similar program.23 I t  is important to remember that these codes 
have been improved from time t o  time and that many other codes are available 
for thermalized constant development. 

5.53 More-sophisticated approaches than the preceding ones are available 
which use integral transport theory for describing lattice cells. The THERMOS 
code,24 designed for water-inoderated reactors, computes the scalar thermal- 
neutron spectrum as a function of position in a lattice. THERMOS makes use of 
a subsidiary code, G.4KER, based on the Nelkin k e r ~ i e l , ~  which represents 
energy exchange between the neutron and the vibrational and rotational levels of 
a free molecule of mass 18. All other scattering transfers within the cell are 
based on a gas-model siattering kernel. 

5.54 Group constants for fast reactor calculations are generated by 
procedures somewhat different from those for moderated systems. In fact. early 
“old-fashioned” approaches attempted to define a single set of averaged cross 
sections for an “average” spectrum appropriate for a given type of reactor (oxide 
or metal fueled) and then use these cross sections for all calculations for the 
given type. A number of computer programs have now been developed,25 
however, which convert basic data to  multigroup constants for .use with 
diffusion-theory,“ transport-theory , and/or Monte Carlo neutronic codes. These 
programs can produce :both region-dependent and region-independent constants. 
In addition, techniques are available for treating resonance data In the. resolved 
as well as the statistical energy regions, and for generating elastic-, inelastic-, and 
total-transfer- matrices, w h c h  account for anisotropy in both elastic and inelastic 
differential scattering: GRISM and MC2 are computational systems2 , 2 6  that 
produce multigroup cross sections averaged over any given spectrum for either 
diffusion- or transport-theory calculations. ’ , .  

, t  

*Atom densities. 
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5.55 The value of sophisticated averaging techniques is limited, of course, 
by the accuracy of available microscopic-cross-section data. Both cross-section- 
measurement and critical-experiment26,2 programs therefore play a major role 
in the development of nuclear design methods. 

5.56 The preceding examples are intended iiierely to provide a very brief 
introduction to the many computer approaches available. Because modifications 
and improvements of programs are also continually being made, the designer 
must review current practice to be certain that he is using the best available 
methods to meet his requiremen ts. 

STATIC-ANALYSIS METHODS 

CRITICALITY SEARCH AND REACTIVITY CALCULATIONS 

5.57 Calculations i n  this category are intended primarily to  relate variations 
in design parameters to criticality. Multigroup diffusion equations. such as Eq. 
5.3. can be written in terms of X as a parameter that corresponds mathematically 
to the eigenvalue and physically to kCff .  Here the desired design parameters are 
related to the coefficient matrices developed from the difference-equation set 
needed for the numerical solution. For orientation, however. primary attention 
is devoted to the use of the method and not to  the mathematical detail. 
Criticality searches may be made in terms of parameters, such as buckling, 
material concentrations, and dimensions or positions. The determination of 
changes with fuel exposure is a related problem but will be considered 
separately. 

5.58 An important computation challenge is to simplify the three-dimen- 
sional reactor-core model, which requires very complex code treatment, to  a 
practical balance between adequate representation and reasonable computer 
effort. A common simplification is to  consider the core cross section as  a 
cylinder with a consequent reduction of  the calculations to a two- or 
one-dimensional treatment. A two-dimensional treatment, for example, would 
be based on an r-z model, and a one-dimensional calculation would consider 
only radial variations. A zero-dimensional treatment, in which the reactor is 
considered a point, is of course the ultimate simplification and is useful for 
survey work. 

5.59 A typical reactor core consists of discrete local regions of fuel, 
moderator, coolant. control rods, and structural materials. all arranged in some 
type of “semiregular” geometry. Whether or not the designer is attempting to  
use a simple zero-dimensional treatment or a complex three-dimensional code, 
he must work out the problem of homogenization. This is true both in the 
“local-region” situation concerned with developing nuclear constants representa- 
tive of a lattice cell and in the “whole-core’’ calculations required for criticality 
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parameters. In each case some degree of homogenization is necessary to  simplify 
the physical representathon so that a computer code of  practical size can describe 
the nuclear behavior. 

5.60 A variety of methods. inany quite complicated, have been developed 
to account for the 1iete;ogeneity in a reactor lattice cell. Such homogenization 
techniques are used for ‘calculating physics parameters for a unit cell that may be 
defined as a single fuel rod together with its associated cladding, gap between 
fuel and cladding. ferrules. and moderator. Fuel. water. and structural material 
are assumed to be hoinogenized over the volume of the unit cell. and the 
characteristics of tlie cell (e.g.. densities of  nuclei, tliermal and nontliermal 
energy spectra, and i-esonance absorption probabilities) are computed for the 
homogeneous mixture.* I t  must be emphasized. however. that this cell-t?ieorAv 
method of obtaining homogenized constants is approximate but uscful for 
design. Separability of space and energy is assumed as well as an independence of 
the cell region from nuclear events in the remainder of the core. 

5.61 An importani problem associated with homogenization is tlie dif- 
ference in flux levels in different materials within the cell. Consider the 
homogenized area shown in a typical water-reactor lattice shown (full size,) in 
Fig. 5.5. A typical thermal-flux distribution” is shown in Fig. 5.6. Of greatest 

0 
0 
0 
0 

/ 

0 
0 

HOMOGENIZED 
AREA 

Fig. 5.5 Typical water-reactor lattice. 

importance are the effects in the resonance and thermal energy ranges. In some 
codes factors are introduced to account for the changes in spectrum and 
resulting reaction rates in different cell regions. For example, in LASER, a 
depletion code,3 the thermal-reaction rates for the various cell elements are 
obtained by multiplying the cross sections averaged over regional spectra by a 
corresponding disadvantage factor. A so-called “g” factor is used in other codes 
such as CANDLE.3’ The “g” factor, different for each element of the cell, is 
based on the local spectrm.lm variation and, in turn, the energy dependence of the 
individual cross sections. 
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5.62 The effect of surrounding rods in the lattice sho,uld.be accounted for 
in computing resonance absorption in a closely packed l,atti,ce. The so-called 
Dancoff-Ginsburg correction factor? are generally used to account for this 
“shadowing.” Extensive tables of the factors are available in the literature.3 

5.63 The preceding approach is in a sense oversimplified and .represents 
merely one example of a calculation method. particularly for cpithermal groups. 
For close-packed water lattices, the “thermal” group can be treated by using an 
appropriate spectrum-averaged cross section in a cylindrical P, calculation7 for 

RADIAL  DISTANCE, in 

Fig. 5.6 Thermal-flux distribution in fuel rod and associated water. 

the individual fuel rods, considering the fuel, cladding. and moderator 3s 

separate regions. A somewhat different treatment useful for boiling-water 
reactors34 is to consider a bundle of rods as the basis for the unit cell rather 
than a single fuel rod. The unit lattice cell is then formed by a number of fuel 
rods, the surrounding associated water gaps, the flow-channel partitions, and the 
control elements or portions thereof. For analysis, the unit cell may then be 
subdivided into a number of regions, each of which has a fairly uniform 
composition and environment. For example, for the Dresden I boiling-water- 
reactor cell, all of sixteen inner rods are treated as one region, the corner rods as 
another,  et^.^^ 
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EXAMPLES OF CRITICALITY SEARCH CODES* 

5.64 The WANDA codes3 are representative of the “classical” one- 
dimensional diffusion-1:heory approach, which is very useful for preliminary 
design wherein computer-time expenditures are modest and an approximate 
picture can be tolerated. In  this type of code, only a f ew  groups, normally not 
more than four, are used; the computation scheme, compared with that for 
many energy groups, is consequently simplified. Many regions may be described, 
however. with the poxsibility of varying the mesh size in each region. The 
approach is similar to  that previously described with paramete,rs and properties 
provided as input for an eigenvalue search and various output options available. 

5.65 A number of multigrozcp, one-dimensional diffusion-theory codes are 
available, of which AIM-6 and MACH-I are r e p r e ~ e n t a t i v e . ~ ~  These codes are 
particularly useful for fast systems needing a large,,number of groups. Very 
flexible, they permit a variety of calculation approaches within the one-dimen- 
sional limitation. MACH- 1 is described in the following sections in relative detail. 
Various ancillary subroutines can be used, e.g., DEL, a perturbation code for 
calculating fractional changes in k due t o  a perturbation of microscopic cross 
sections, buckling, etc. Such possibilities are described in the code manuals. 

5.66 The concept of transverse buckling is useful for a problem with less 
than three space variables since some assumption must be made with regard to  
the remaining space variables. In  a cylindrical radial calculation, for example, an 
estimate may initially ‘be made of the transverse-leakage term represented by 
DB? , where 

and H is the axial height of the active fuel plus the reflector savings. In  this case 
a radial-buckling term also applies, where 

and the total buckling, B:, IS obtained using the eigenvalue of the radial 
problem. An axial-diffusion calculation may be carried out, if desired, using LIB: 
for the transverse leakage A number of assumptions are necessary, includihg 
separation of r and z variables as well as equality of the transverse-buckling terms 
for each lethargy group 

5.67 The following summary of the MACH procedure illustrates the 
preceding principles 

. ... 

*As in the group-constant code examples ( g5.48), the  physics approach discussions are 
, I  brief. Some readers may wish to  refer to general reference materia1.7,9.10,12 ’ 
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1. Equation Set 

The code solves the coupled set of  one-dimensional, multigroup, diffusion 
equations in slab, cylindrical, or spherical coordinates. One of these equations is 

D . v 2 @ . - Z  I I t,i .@.+S ? S J  . + S  f3i  tS ,,I . = O  (5.7) 

where* 

Di (diffusion coefficient) = '/3 (z,, Z$-' 
z ~ , ~  (total removal) = D~B,? + Zk>i Zi+k t Zc,i + Z,f,i 

B,? = transverse buckling 

s ~ , ~  (fission source) = xf,i $k ( Y C ~ I ~  $ k )  

s ~ , ~  (scattering source) = Zk<i Ck,,@k 

Se,i (external source) = x,,, S, 

The finite-difference approximations to  the diffusion term at space point i 
are 

where 4 is the spatial distance from the problem origin, and 

In spherical geometry the trapezoidal integration of functions of the form 
t2@(<)  leads to  large errors near the origin. All such integrals in MACH 1 are 
corrected by the first-order error term of the trapezoidal rule. 

As a preliminary calculation step, the reactor is divided into regions in which 

Dp B;. G , ~ ,  and all Ex, i  are constant. The external source S,, if present, is 
specified at each spatial mesh point. lnput of group-dependent transverse 
bucklings B,? is accepted by the code in accordance ,with the following 
procedure, which is not mathematically rigorous. 

Considering cylindrical geometry with symmetry in the 6' direction and 
assuming that the (r ,z)  variables are separable, we can write the flux as 

@(r,z) = $(r) $(z) with $ ( O )  = 1 

*Notation used is the same as in the MACH description report37 and may vary slightly 
from that used in previous sections. 
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The diffusion equation for one energy group can then be written 

The usual approach, and the one used in MACH I ,  is t o  set 

(5.10) 

(5.1 I )  

and t o  assume that all $ k / $ j  = 1.0. This condition is met only over the 
asymptotic range of the z-direction fluxes and can be true only if all B,? are 
equd.  Alternatively, one could normalize $k t o  1.0 at  some point z I  and 
calculate B,? over the range z1  k Az, where Az is chosen small enough to  ensure 
'that $ k / $ ,  does not vary appreciably over the range. This is roughly equivalent 
t o  performing the radial calculation at z l .  

At interfaces bei:ween regions the usual flux- and current-continuity 
conditions are satisfied by using the gradient approximation given by Eq. 5.8. 
The arrangement of the difference scheme requires that each region contain at 
least two mesh intervals. 

Four boundary conditions are available a t  each of the inner and outer 
boundaries. The general expression is 

(5.12) 

The options are as follows: 
a , .  A = O , B =  l ,C=O(zerogradien t )  
b. A =  I , B = O , C = O ( z e r o f l u x )  
c. A = I ,  B = ai, IC = 0 (homogeneously mixed) 

where ai is the linear-extrapolation length; it is negative at inner 
boundaries and positive at  outer boundaries. 

d. A = I ,  B = 0, C = 
This is an inhomogeneous boundary condition, unless all $i are zero, and 
requires some special procedures. 

(constant flux) 

2. Procedure f o r  Solurion 

With the input conditions of fission source, reactor size, concentrations, etc., 
the calculation starts with the highest energy group and proceeds from the 
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reactor outer boundary to  the inner boundary. After the sweep through all 
groups is completed: a new fission source is calculated from the resultant fluxes. 
Except in special cases this source is then normalized to  a total of one fission 
neutron in the reactor in the direction of the calculation: Le., no integration is 
carried out over the transverse direction in slab or cylindrical geometry. 

From the first two inner iterations, the new normalized source distribution is 
used to  calculate tlie fluxes in the following iteration. I n  the third and 
subsequent iterations, the starting source at a point for the following iteration is 
obtained by linear extrapolation from tlie two previous iterations. The equation 
is 

(5.13) 

where Sf,, = the normalized resultant source from iteration 
S,i-,,+, = the source guess for iteration I + I 

0, = B o  [ I  - p - o . 5 ( / - 2 ) ]  

8, = the source extrapolation factor 0 < 8, < 1 

The term Si , / .+ ,  will not be extrapolated t o  a negative value. If a negative value is 
found, it is replaced by zero. 

Inner iterations are continued until one of two inner-convergence criteria, as 
selected by the user, is met or until tlie inner-iteration limit is exceeded. 

The eigenvalue criterion requires that 

The pointwise criterion is satisfied when 

(5.14) 

(5.15) 

n 

where 

and 

This test is carried out only for mesh points with nonzero sources. I f  a very 
small concentration of fissile atoms (-w3 O )  is inserted in nonfissioning 
regions, the fluxes in these regions can be tightly converged in this option. 
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When the inner-iteration loop has converged. the code exits to one of several 
search or outer-loop ol:tions, as Specified by the user. 

3. Normalization 

During the diffiisioii calculation the fission sources are norinalized so that 

Fission-source integral = /b' o u t e r  f;: ( Y C ~ . ) ~  #k  d$ = 1 .O (5.16) 

Output resulting from this fission-source normalization is specified as source 
normalized or unnormelized output. 

In slab geometry this source integral has dimensions of neutrons/cm* /sec: in 
cylindrical geometry? its dimensions are neutrons/cm/sec; in spherical geometry, 
they are neutrons/sec. 

4. Outer-Loop or Search Options 
Three options that i o  not involve the outer loop, inhomogeneous problems, 
one iteration, and k-effective, are available. 

a. Inhomogeneous Problems. Normalization is determined by the magnitude 
of the external sources or boundary values. 

b. OneIteration. A single sweep is made through the spatial mesh for all 
groups using input source values. The resultant sources are normalized 
before printing. 

c. k-ejyective. The fission sources are c0nverge.d wiih'in the inner-loop 
criterion; the sources are renormalized after each inner loop. 

The following options involve successive trials of a search parameter to  reach 
a specified value of k, which need not be equal t o  '1 .O. 

d. Dimension Search, Reactor Size Not  Fixed. The thickness of one or more 
specified regions is varied, and the position of the inner boundary of the 
innerniost search region and the thickness of nonsearch regions remain 
constant. 

e. CompositionSearch. The atom density of a specified fuel (which may 
consist of a number of nuclides) is varied either alone or inversely with the 
density of a specified diluent. A ratio may be input such that equal 
volumes of fuel and diluent are varied. Generally, this ratio is 

Ntot Z ( N f A f / ~ f )  NIp' X(V.F.)f 
- (5.17) R = -  d f  f 

Ntot  Z(NdAd/Pd) - yot Z (V.F.1, 
f d  d 
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where"'' = the total initial fuel or diluent atom density (a/cm3 
A = atomic weight of a fuel or diluent nuclide 
p = full density (g/cm3) of  the fuel or diluent nuclide 

V.F. = volume fraction of the fuel or diluent nuclide 

If regions with different fuel concentrations are specified as search 
regions, the ratio of fuel-atom density in one search region to fuel-atom 
density in any other search region is maintained constant. The ratio R is 
specified foi each material. 

f. Dimension Search, Reactor Size Fixed. The thicknesses of specified search 
regions are varied, and the thickness of the first region outside the 
outermost search region is also varied so that its outer radius remains 
constant. If, for example, regions 1 and 3 of a four-region reactor were 
being varied, the outer radii of regions 2 and 4 would remain constant. 

g. Buckling Search. The transverse buckling in specified regions is varied, 
under the assumption that the bucklings in the search regions are 
independent of region and group. 

h. Alphasearch. Either this option may be used as a constant input value in 
conjunction with any other search or the value of alpha may be varied to 
achieve criticality. 

5.68 Multigroup transport methods have been developed which require no 
greater computer time than many diffusion codes. Such approaches are 
particularly useful when the nature of the physical problem requires the greater 
accuracy' inherent in a transport-method calculation. The relative applicability of 
diffusion-theory, P, approximations, and transport equations is discussed in 
texts on reactor In general, from a Fick's law approach a 
diffusion-theory solution is valid when the ratio of the divergence of the 
diffusion current to the capture rate is small, i.e., 

(5.18) 

From a slightly different viewpoint, 6 C, so that the flux will vary slowly 
with position. The region of interest should also be at  least one diffusion length 
from a material interface or source discontinuity. Small-size fast systems are 
therefore normally described by transport methods. 

5.69 A highly useful one-dimensional, multigroup transport code3' is 
DTF-11, an adaptation of an earlier code, DTK, which includes a reprogramming 
into FORTRAN. The multigroup transport equation is solved for various 
geometries by using the discrete S,, a p p r o ~ i m a t i o n . ~  Various types of problems 
can be solved. These include: 
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1. Fixed-source calculations (the source consists of either a distributed 
neutron source or a shell source). 

2. Reactivity calculations. 
3 .  Time-absorption calculations. 
4. Concentration searches. 
5. Zone-width searches. 
6 .  Outer-radius searches. 
7 .  Transverse-buckling searches. 
5.70 Two-dimensional few-group diffusion codes such as PDQ-4 are very 

useful4 for lattice problems ( 8 5 . 6 3 ) .  In boiling-water reactors, for example, the 
lattice may consist of ;I number of fuel rods in a bundle, associated water gaps, 
flow-channel partitions, and a section of a cruciform control element, as shown 
in Fig. 5.7. Also shown in Fig. 5.7 are the different representations required for 
a fuel assembly for a boiling-water reactor when the reactor is first started up 
and when an equilibrium fuel-management loading scheme is achieved ( 5 7.65). 
One-dimensional representation of such a complex geometry would be quite 
crude. A two-dimensional x-y representation based on a model with the cell 
subdivided into a number of regions, each having approximately uniform 
composition for calculating the nuclear constants, is therefore useful. 

5.71 In a lattice, such as that in Fig. 5.7, as many as 12 different r e g ~ o n s ~ ~  
may be desirable to  accommodate large differences in composition and 
temperature. Group constants can then be determined for the subcells by using 
codes such as MUF'I and SOFOCATE. Such a procedure can be fairly 
complicated, however, with boundary conditions and various corrections 
tailored for the specific: geometry and energy group. Flux-weighted cell averages 
of the constants can then be used for the PDQ eigenvalue problem. Whether the 
procedure for generating constants is simplified or complicated depends on the 
objectives of the calculation. A comparatively crude representation would be 
adequate, for example, for survey calculations, whereas a control-rod-worth 
evaluation requires careful analysis. 

5.72 In a cell problem such as the preceding one, the designer may wish to 
supplement the two-dimensional diffusion-theory analysis with one-dimensional 
transport calculations: particularly in the neighborhood of the control blades, 
where a slab geometry could be applied. Laboratory integral experiments are 
important in verifying such design procedures4 * ( 5  5.155). 

5.73 The PDQ codes4' solve from one- t o  four-group diffusion equations 
over a rectangular region of the x-y or r-z plane. Usual boundary conditions 
are zero flux or the symmetry condition, d$/dr = 0. Setting up  the rectangular 
mesh-line pattern is important in solving the problem. Internal and external 
boundaries should lie ,311 mesh lines. Furthermore, a. fine-mesh spacing is used 
where marked changes in flux are expected and a coarse spacing where moderate 
changes are expected. Other parameter-input problems include such items as 
boundary conditions, buckling, and compositions. In addition, the respective 
nuclear constants for each material and a flux approximation are needed. 
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Fig. 5.7 Core lattices. (a) Initial. (b) Equilibrium. Each fuel bundlc contains 
36 fuel rods. as shown, or 64 in a n  8 by 8 lattice. *, special corrected corner 
rods having enrichments different from those of standard rods in the bundle. 
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Various computer-output options, including the condensed results of each outer 
iteration, are available. The most desired results, of course, are the flux and 
source values. 

5.74 Two-dimensional many-group diffusion codes are available for the 
detailed energy representation needed for fast reactor systems. One such code,4 
CRAM, uses a unique numerical solution wherein the multigroup equations are 
solved within a geometric “channel” rather than on the basis of energy group by 
energy group. A two-dimensional trunsporr-theory code,4 TDC. can be used for 
difficult cylindrical-geometry problems requiring an S,, calculation. Such codes 
generally require a substantial amount of computer time and therefore are 
generally used for special applications in conjunction with simpler diffusion 
codes. 

FLUX AND POWER DISTRIBUTION, SYNTHESIS METHODS 

5.75 In addition to  developing an assessment of criticality and contributing 
parameters. the reactor-core designer has a major interest in the power 
distribution. The therm,il design of the core is very dependent on the ratio of the 
peak t o  average power. A two-dimensional “map” of the power distribution can 
easily be developed from the fission-source output options available in the 
computer codes previously described. A reactor core is three dimensional. 
however, not merely a flat plane. Methods to  develop a full picture of the power 
distribution throughout the core are therefore needed which consider the effects 
of varying control-rod insertions, boiling voids, etc., in the axial direction. 
Although three-dimensional diffusion-theory codes have been developed, their 
use for design parametric studies is normally impractical since the computing- 
time expense is excessive. For many preliminary calculations, i t  is satisfactory to 
use two-dimensional codes with space variations in the radial and axial directions 
of a cylinder, assuming azimuthal symmetry. On the other hand, the detailed 
representation possible with a radial traverse is frequently important. As a result 
synthesis methods th;it combine a number of plane calculations into a 
three-dimensional pattern have been d e ~ e l o p e d . ~  The term is also sometimes 
applied t o  comparatively simple methods used t o  synthesize two- and three- 
dimensional flux distributions from one-dimensional calculations. 

5.76 Synthesis methods vary in complexity. A simple approach, based on 
the transverse-buckling concept ( 3 5.66), uses the buckling terms to  express y 
and z leakage in the one-dimensional multigroup diffusion equations, 

(5.19) 

where an equivalent transverse loss. [Dj(B:,j + B:I]@l, has been added to the 
absorption. Initially, if a radial problem is considered, the transverse buckling 
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can be estimated from the axial fuel and reflector dimensions. Next, axial 
diffusion can be calculated with the previous results as input. Iteration can then 
continue until convergence is obtained. A cylindrical-core power distribution 
may be obtained with the buckling iteration method, for example, by using PDQ 
in the horizontal plane and a one-dimensional code, such as WANDA, for the 
axial calculations. 

5.77 In a very similar technique, the single-channel s.ynthesis method, the 
reactor is divided into a small number of horizontal layers, and a radial 
calculation is applied to  each layer. The layers are then connected axially by a 
one-dimensional calculation in which each layer is homogenized. The dividing 
planes are nornially chosen so that the pattern of inserted control rods is 
uniform throughout the height of each layer. Actually, the calculation details are 
more complicated than implied by this summary since considerable attention 
must be given t o  the proper averaging of regional properties. Flux separability of 
axial and radial components is a basic assumption of the method. The 
consequent assumption that leakages are constant within a region, causing flux 
discontinuities at interfaces, limits the method to  some extent. 

5.78 An extension of the single-channel approach makes use of several 
simultaneous axial calculations t o  couple the radial planes together. A challenge 
in the multichannel synthesis method is to relate the various transverse leakages 
to  one another. Various methods using special computer programs for so-called 
coupling coefficients have been proposed. 

5.79 Variational principles are the basis of a third synthesis method. The 
radial-flux distribution is assumed to be dependent on the axial flux and, indeed, 
to  vary continuously with the axial position. I t  is necessary initially to  make 
reasonably good guesses of trial radial-flux distributions and then t o  use 
variational methods for optimizing the mixing of such distributions. In nodal 
methods (95.122), the core is divided into many large volumes, or nodes, in 
which materials and flux d o  not vary. Flux and power distribution are calculated 
by matching leakage from one node t o  another. 

I 

DEPLETION CALCULATIONS 

I INTRODUCTION 

5.80 Depletion calculations* provide a picture of the changes that take 
place in core composition, power distribution, and reactivity as a function of 
time. Calculations for reactor dynamics (kinetics), as needed for control and 
safety analysis, apply over a much shorter time interval during which the 
cornposition does not change significantly. Such calculations are considered in 

“Some of the material in this section was contributed by R.  L. Stover 
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$5.131 and in  Chap. 6. The various causes and effects in depletion calculations 
are interrelated since tlie variation of fissile-atom and fission-product concen tra- 
tion with time and position depends on the time-integrated power. which, in 
turn, depends upon the local enrichinent. To tlie core designer the lifetinie 
behavior is extremely iinportaiit to know since he must ensure that the various 
thermal-design limitations are not exceeded as the fuel burns and is partially 
replaced according to some fuel-management scheme ( 3  7.53), with accoin- 
panying shifts in  control rods and changes in the power-density pattern. Also 
necessary is sufficient excess reactivity to  achieve the desired fuel exposure but 
remain within safety criteria. Isotopic changes in the fuel must be accounted for 
to optimize the exposure and plan the fuel inanagement primarily from 
economic considerations. Fuel-deple tion calculations are also important in 
assessing the isotopic :ontent to determine the value of discharged fuel as 
needed for corporate accounting purposes. 

5.81 Depletion inforination is also needed as an aid to operation. The 
operator, faced with suc:h decisions as those involving the effects of control-rod 
placement on power distribution, a changing reactivity account, burnable-poison 
changes, or power-coefficient changes, needs a model to help him. Such a model 
may also be helpful in the development of adaptive control methods where a 
computer is used for on-line control. 

5.82 Once a reactor design becomes final and construction begins, most of 
the design variables become fixed. Much flexibility can remain in the design of 
the fuel, however, which will need to be replaced throughout the lifetime of the 
plant. Over a 30-year period. the investment in fuel for a 1 OOO-Mw(e) reactor may 
be of the order of $300 million. Optimum design of the initial and replacement 
fuel, which depends larzely on accurate depletion calculations, therefore offers 
considerable economic incentive. 

5.83 The need to  follow a time-dependent process involving reaction rates 
that depend on the product of fluxes and isotopic compositions makes the 
nonlinear, noneigenvalue depletion calculation inherently complex with many 
approximations needed for methods to  be practical. Furthermore, burnup 
behavior does not lend itself to  simulation by critical experiments with the 
corresponding opportunity for comparing predictions and measurements as 
needed to develop semii:mpirical techniques. Therefore analysis must be used to 
obtain the desired description of reactor performance. 

CALCULATION METHODS 

Introduction 

5.84 Practical depletion calculations must be carried out with a com- 
p ~ t e r . ~ ~  An introduction to  the general nature of such calculations can best be 
obtained by considering the steps usually needed, as shown in the flow sheet of 
Fig. 5.8. Initial macroscopic cross sections and other constants can be prepared 
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Fig. 5.8 Basic depletion cycle. 

in a I ~ ~ I I I I C ~  similar to those previously described ($5.34). A number of 
methods, varying in complexity from a one-group zero-dimensional approach to 
ii three-diniensional synthesis method, can be used to  determine flux and power 
distribution. A three-dimensional picture is normally needed to meet engineering 
design requirements. however. 

5.85 Before isotopic-depletion changes are actually calculated, the flux and 
power calculations are edited in light of the mesh pattern to  obtain input values 
appropriate for desired core volumes. The heart of the overall procedure is the 
calculation of time-dependent number densities.* Either a constant flux or a 
constant power is used to solve the differential equations over a finite-time step 
($5.90). Finally, the cycle can be repeated for additional time steps. as desired. 

5186 In addition to the basic procedural steps. several optional calculations 
are shown in Fig. 5.8. I f  the control-search option is used, an iterative 
calculation determines an isotope density or buckling so that tlie core reactivity 
is some specified value. Fuel-management schemes can be included by allowing 
isotope concentration to be changed after the depletion calculations. If the 
initial and final isotope densities for tlie cycle are known, the fuel cost can also 
be calculated. Since spectrum-averaged cross sections change as the spectrum 
changes. new microscopic cross sections can be calculated at the end of the cycle 
or even during tlie cycle if the spectrum changes too rapidly within the cycle 
tin1e.t Most depletion codes, however, assiiiiie constant cross sections over a11 of 
the depletion cycles. 

*Densities of individual isotopic nuclei. 
?LEOPARD and LASER recompute spectra and group cross sections at  the end of each 

depletion step. 
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Cross Sections 

5.87 Microscopic cross sections may be dependent on isotope concentra- 
tions, either because the cross sections are spectrum averaged over a given energy 
group or because they are also flux weighted as a function of spatial location in 
the reactor. Both the neutron spectrum and the spatial-flux distribution will 
change as isotope depiletion takes place. An example4 of typical thermal 
cross-section changes with burnup is shown in Fig. 5.9. 

5.88 It is useful to sort out the cross sections used and classify them as 
either slowly varying or rapidly varying with depletion. For slowly varying cross 
sections, recalculation during an analysis can be kept to  a minimum. Scattering 
and transport cross sections are frequently of this type. Sometimes strong energy 
dependence may requi.re the use of many groups for the analysis. With a large 
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number of groups, however, the spectral dependence of the average cross section 
in each group tends t o  be small. 

5.89 Rapidly varying cross sections arise for several reasons, including 
strong depletion dependence of self-shielding factors or strong dependence of 
resonance absorbers on neutron spectrum and number density. With strong 
dependency it is necessary to account for the variation during each computer 
time interval or t o  employ short time intervals and make appropriate 
adjustments. When lumped poisons are treated by using self-shielding factors 
expanded into polynomials that are functions of the poison concentration, the 
expression can be incorporated into the depletion calculation. Similarly, 
concentration-dependent polynomials can be used to  determine new cross 
sections for heavy resonance absorbers. 

Time-Step Calculation 

5.90 Depletion equations describe the isotopic-concentration changes with 
time at  a point or a region in a reactor. The point or region is a unit of volume 
which either is hornogeneous in composition or has been properly homogenized 
by volume and flux weighting. Fuel-burnup or depletion equations at a point 
have the general form 

where N ,  = number density (nuclei/ctn3) of the isotope of interest 
B = precursor of isotope by decay 
c = precursor of isotope by neutron capture 

A,, AB = decay constants 
u 
Uci = capture cross section for energy group i 

= microscopic total absorption cross section for energy group i 
a i  

4; = average, power-normalized flux for energy group i 

N ,  4, and u are all functions of time, but A, the decay constant, is invariant with 
time. Since the equations are nonlinear in time, the usual method of solving 
them is to  linearize the equations by assuming that flux and cross sections are 
constant over a short time interval. Using the constant-flux assumptiot? ( 5  5.92), 
the resulting linear equations can be solved exactly by analytical solutions or by 
approximate numerical methods using finite-difference equations. 

5.91 The depletion equation for a single fuel  isotope can also be expressed 
in general form as 

(5.21) 
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where NF = fuel-isotope number density 
ua = fuel-absorption cross section 

r = position dependency 
E = energy dependency 

If the cmstarzt-power assumption (55.94) is used, the complete right side of Eq. 
5.21 is independent of lime, and the equation can be integrated directly over a 
time interval. In this cast: the exact and “approximate” solutions are identical. In 
summary, coupled depktion equations can be solved exactly or approximately 
for several fissile isotopes by using the constant-flux assumption or can be solved 
exactly for a single fissile isotope by using the constant-power assumption. Since 
these approaches are important but are described in only a few sources, they are 
discussed here (a  aS.92 to 5.97). (These sections can be omitted without loss of 
continuity.) 

Cons tan t -F lux  A s s u m p t i o n  

5.92 If the flux spectrum is assumed invariant over a time interval, then 

where $(E) is normalized so that 

lom $(E) dE = 1 (5.23) 

I f  a few-group energy model  is used ,  the integral  can be replaced by a 
summation, and Eq. 5.21 becomes 

where G = number of energy groups 

Now, if the flux is assumed constant in tinie, Eq. 5.24 can be written 
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(5.27) 

which h a 5  the exact dnalytlcal sollitloll 

NF(r,t + A t )  = NF(r.r) caAt (5.28) 

where 

(5.29) 

5.93 The approximate numerical solution is found by expanding the 
exponent in  a Taylor series and dropping all high-order terms. The fiiiite 
difference equation IS then 

NF(r,t + At)  = NF(r,t)  = NF(r, t )  ~ B At (5.30) 

where 

(5.3 1) 

It can be seen from Eqs. 5.23 and 5.24 that, if the flux is assumed constant over 
the same time interval in both cases, the finite-difference solution requires 
smaller time steps than the exact solution. 

Constant-Power Assumption 

5.94 If the power is assumed constant over a time step, Eq. 5.24 can be 
written 

(5.32) 

which has the solution 

N,(r,t + A t )  = N F ( r , f )  - f l  At (5.33) 
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63 
From the definition of [!, the solution for constant power can be written 

G 

I V ~ ( Y , I  + At) =NF(r , t )  (5.34) 

which is the same as  the finite-difference solutiori at constant flux. If  a 
first-order difference sclution of ;I siizgle fuel-isotope equation is used with the 
assumption of the constant flux, the solution therefore has the same form as 
that obtained with a constant-power assumption. Indeed, as the time interval 
decreases, the constant-flux and constant-power solutions approach each other. 

Comparison of Coristanlp-Flux and -Power Assuinptiotzs 

5.95 The constant-power assumption has the advantage of being consistent 
with normal reactor operating practice. i.e.. constant power, with large time 
intervals permissible in the calculation. Another advantage is that the exact 
energy extracted is obtained from the fraction of fuel depleted. The main 
disadvantage of using the constant-power assumption is that the equations do 
not apply for coupled fuel chains with more than one fissionable isotope since 
the term p (Eq. 5.3 1)  is composed of all power-producing nuclides. Another 
disadvantage is the diffilxlty i n  depleting nonfuel nuclides. 

5.96 The advantage of the constant-flux solution is that poison depletion 
and coupled fuel chain:; are easily handled. Variations of cross sections during a 
burnup interval can also be accounted for. The disadvantage of power variation 
during a time interval can be minimized by performing the depletion calculation 
in sniall steps and renormalizing the flux amplitude (but  not the shape) a t  each 
sniaII step. 

5.97 If the solutions of the exact-constant-flux, approximate-constant-flux, 
and constant-power calculations are compared for a single fuel isotope over a 
small-enough time interval, the solution paths would take the shapes shown in 
Fig. 5.10. I t  is stressed that the approximate-constant-flux solution and the 
constant-power solution are identical only for a single fissile isotope. In a reactor 
with more than one fissile isotope, the constant-flux solutions must be used 
since the absorption rates of the individual isotopes (&) change with time, 
although the total absorption rate, p =zpi, remains constant. 

SPA TIA L SUBDl VISION 

5.98 The depletion equations must be applied to  some core-volume unit. 
Since the power and material composition are assumed constant over an interval 
of time throughout the volume unit, a high degree of subdivision is desirable for 
an adequate description of the flux pattern. On the other hand, the finite 
difference in time solution is applied to each mesh point, and thus computer 
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Fig. 5.10 Comparison of depletioncalculation incremental-time-step be- 
havior. (a) Exact solution to constant-flux calculation. (b)  One-step constant- 
flux calculation and exact solution to constant-power calculation. 

time can quickly become excessive as many mesh points are accommodated. As 
a result a compromise is needed. 

5.99 Two spatial subdivision approaches are commonly used. In one the 
depletion equations are solved for each spatial mesh element used in developing 
the flux- and power-density representation. Many calculations are rcquired for 
this, the so-called point-subdivision nzethod, although a continuous pattern of 
concentration variations is obtained. In the second method, called regionwise 
depletion, the composition is assumed constant over a group of mesh elements. 
Since the number of compositions to  be considered is now less than the number 
of mesh points, spectra and appropriate cross sections can be calculated for each 
composition. This method produces composition and power discontinuities at 
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region interfaces, however, since the power density averaged over the region 
must be used in the stepwise depletion calculation. Therefore region size should 
be adjusted to give small power variation, perhaps less than 5%. Large regions 
can be used, however, where the power is flat or low. The varying state of 
subdivision in the core is therefore determined by the balance between accuracy 
desired and computing expense justified. 

D ElD L E TI ON CA L CU L A  TI ON CODES 

5.100 The depletion codes4 that have been developed vary considerably in 
complexity because O F  the possibility of having either zero-, one-, two-, or 
three-dimensional reprasentation and a single, few-group, or inultigroup energy 
treatment. Generally, the programs search for a multiplication constant of unity 
during a given time step with control-material neutron absorption a variable. The 
flux distribution is then calculated, the fuel depleted during the time step, and 
the cycle repeated. Zero- or one-dimensional codes with four or fewer neutron 
energy groups are used most often. Such codes are normally used for 
determining isotopic content of a batch of discharge fuel, and the more 
elaborate two- and three-dimensional codes are used t o  check the power 
distribution as well as such operational features as shim position, control-rod 
movement, and fuel management. Although it is generally desirable to  represent 
the core in as much detail as possible consistent with the computing expense 
appropriate, some simplifications are helpful in obtaining the desired representa- 
tion. Cylindricization of the core, for example, permits one- or two-dimensional 
codes to be used for 1-nany depletion calculations for which fuel assemblies can 
be grouped into “batches” represented for this purpose by annular rings. 
Although some of the features of multidimensional and multigroup eigenvalue 
calculations have been treated previously ( 8 5.70), the following discussion also 
considers the complications introduced by the time-step calculation. Some 
readers whose interests do not extend to  examples of specific code approaches 
may wish to omit the discussion. 

Zero-Dimensional Codes 

5.101 Zero-dimensional calculations can be used to  generate curves of 
isotopic concentration as a function of fuel exposure (Mwdltonne) for the 
average core neutron spectra. Although such codes have many limitations, they 
are comparatively simple and hence inexpensive to run. Since the reactor is 
considered as a single point, however, the spatial effects of burnup are neglected. 
Furthermore. the point model is unable to  treat the neutron leakage out of the 
reactor core accurately since the leakage strongly depends on the existing flux 
shape. Neutron-energy. variations can be accounted for, of course, by using a 
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multigroup approach, and, if needed, spectrum-variation effects can be intro- 
duced by recalculating the group constants after each time step. 

5.102 The zero-dimensional codes follow the basic depletion calculation 
described. Since all materials in the core, including the control rods, are 
homogeneously mixed, self-shielding factors must be used to account for 
inhomogeneities that actually exist in the core. Core leakage is accounted for by 
using a value for buckling which is kept constant during the calculations or 
varied to adjust for criticality. 

5.103 Most zero-dimensional codes provide a criticality search for either 
the control-poison concentration or the neutron leakage. One or the other is 
adjusted within each time stcp until the multiplication factor attains a 
predetermined value. This is usually done before the depletion portion of the 
time step. Isotopic compositions are determined at  the end of  a time step during 
which the flux is assumed constant. Normally, uranium and plutonium chains 
are programmed into the code. Burnable poisons can usually be handled by 
methods similar to those used for the fuel chains. 

5.104 In fast reactor calculations fission products can be lumped into an 
aggregate, and little error will result. For  thermal calculations, however, the 
high-cross-section fission products must be treated separately. The two most 
important nonsaturating fission products, I ’ Xe and 9Sm, are always treated 
separately. The saturating fission products whose concentrations do not build up 
in proportion to  the production rate are usually grouped into a saturating 
fission-product aggregate. 

5.105 Many of the zero-dimensional codes can fbllow burnup in each of 
several fuel regions s i ~ n u l t a n e o u s l y . ~ ~  The flux levels are the same in each 
region, but the isotopic composition can be changed after each time step to 
simulate refueling. Fuel cycles and fuel-cycle costs can be studied in codes having 
the subroutine to perform this calculation. 

5.106 Interesting examples of zero-dimensional codes4 3’ for depletion 
are GAD and LEOPARD.’’ In GAD, a multigroup code, up to  eight fuel zones 
can be treated, but the flux must be uniform. Irradiated fuel can be removed and 
fresh fuel reloaded in one or inore zones as often as desired. A provision for 
fuel-cost calculation is included. LEOPARD recomputes the spectra after each 
burnup step and adjusts the constants. 

One-Dimensional Codes 

5.107 One-dimensional codes are best suited for investigating fuel depletion 
in zonal batches of fuel assemblies. For this purpose the reactor core is 
cylindrical and the computations are carried out along the radial dimension. 

.Axial variations in the power distribution are neglected, but the code input must 
include a transverse buckling (s5.67) to account for axial leakage. The 
cylindrical core may consist of concentric circular regions, each being appro- 
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priately homogenized. Although an individual fuel assembly cannot be ac- 
counted for in one-diinensional codes, the zones can be subdivided to  the width 
of one fuel assembly so that all fuel assemblies with the same radial location are 
in one annular ring. 

5.108 In one-dimensional codes the isotopic concentrations used in each 
region can also be axially averaged. This is particularly important for 
boiling-water reactors where the water density varies axially because of steam 
voids. Homogenized pc’ison concentrations in each zone are used to represent 
control-rod insertion i n  that region. Alternatively, the control rods can be 
“banked” into individual annular control rings, where the poison concentration 
can be varied to represent rod movement in the axial direction. 

5.109 Also, with a one-dimensional code axial calculations in a cylindrical 
core are possible. With the slab-geometry option, the calculation can proceed 
with radially averaged isotopic compositions and a transverse buckling to 
represent radial leakage. 

5.110 Radial variations in the neutron spectrum are considered by using 
different few-group coristants in the different regions. One code,’ CNCR, also 
provides an option to calculate changes in the neutron density due to variations 
in the coolant temperature. The neutron density changes with the coolant 
density, which, in turn, depends on the axial coolant-temperature rise. If the 
variation in coolant density with temperature rise is fed into the computer, an 
iteration loop results, since the coolant-temperature rise depends on the neutron 
density. 

Several critrcality-control searches are available in one-dimensional 
codes. For instance, the poison-concentration search can be varied from zone to 
zone in a predescribed manner so as to  represent preferential movernent of 
control rods. In a radial calculation where axial leakage is approximated by a 
transverse buckling, the critical core height can also be found from a transverse 
buckling search. In an axial calculation a poison-boundary search that represents 
the degree of control-rod insertion is possible. 

of a classic one-dimensional few-group 
diffusion-theory depletion code that will calculate flux shape and deplete 13 
isotopes at up to 500 mesh points in 50 regions. A ~naxitiiuni of four energy 
groups can be used; a library of fast cross sections is available in the code, but 
the thermal cross sections must be input. Thermal self-shielding factors and 
region-dependent resonance escape probabilities for 38 U must also be supplied 
as input. 

5.1 13 The isotope-depletion equations are solved by the finite-difference 
method at each mesh point. Provision is not made, however, for 2 3 2 T h ,  2 3 3 U ,  
2 3 4 U ,  and 242Pu.  Xenon and samarium are treated separately, and the rest of 
the fission products are grouped into two fission-product aggregates. Three types 
of control searches are available in CANDLE. Criticality can be maintained by 
varying a poison concentration, transverse buckling, or the interface between a 
poisoned and a nonpoisoned region. 

5.1 1 1  

5.1 12 CANDLE i s  an example3 
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5.114 FEVER is a second exainples2 of a one-dimensional few-group 
diffusion-theory depletion code. A maximuin of 25 isotopes can be depleted at 
up to 150 mesh points in 20 regions. A maximum of four energy groups can be 
used, for which all cross sections must be provided as input. Slowing down is 
allowed only to  the next adjacent group, and the fission source may be only in 
the highest group. 

5.1 15 The isotope-depletion equations are solved by the finite-difference 
method for the 2 3 2 T h  and 2 3 8 U  chains. The equations are solved by region 
instead of a t  mesh points. One nonsaturating fission-product aggregate and two 
rapidly saturating fission products (' 'Sin) arc included. Self- 
shielded burnable poisons can be depleted by using poison density-dependent 
shielding factors. Besides a poison-search option, the code includes a xenon 
ovcrride calculation, a shutdown-start-up option, and a cold shutdown 
calculation of keff.  The running time is min per time step (IBM 7094 basis). 

for calculating burnup 
in intermediate or fast reactor cores. A maximum of 18 energy groups can be 
used to  calculate isotope densities at a maximum of 100 points in up to 20 
regions. The diffusion calculations are based on the AIM-6 code in which 
down-scattering may occur to  any of five energy groups. A built-in microscopic 
cross-section library is available in the code. 

5.1 17 Both the 2 3 2 T h  and the ' j 8 U  fuel chains are included in the code. 
Tlicsc isotope equations are solved exactly by the analytical solution. In the 
original version of the code, all fission products were lumped together and 
depleted. A modified version allows individual depletion of xenon and 
samarium. The only criticality search permitted is a poison-concentration search. 
Running time is 

' 

Xe and 

5.1 16 SIZZLE is a one-dimensional diffusion codes 

min per depletion step (IBM 7094 basis). 

Two-Dimensional Codes 

5.118 If the neutron flux is assumed to  be separable into an axial and a 
radial component, a two-dimensional code can calculate the power distribution 
and isotope concentrations as a function of time in  either x-y, r-z or r-8 
geometry. For x-y calculations in a radial plane, the isotope concentrations are 
axially averaged, and this introduces again the same uncertainties in water 
density as those introduced by the one-dimensional codes. However, the x-y 
geometry allows representation of individual control rods and fuel assemblies, 
which is important for refueling studies, especially scatter reloading (87.69) .  If 
isotope composition in zonal batches of fuel asssemblies is of interest, the r-z 

. geometry is appropriate. Although the r-8 geometry gives a three-dimensional 
composition mapping, initial isotope concentrations in each r-8 zone are 
difficult to  calculate. Regardless of the geometry two-dimensional depletion 
codes are expensive to  use because they take -'I3 hr for each time step. Since 
the neutron-flux calculations take up most of this time running time can be 
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decreased by computing a fraction of the core and using symmetry to map the 
remainder of the core. Also, relatively large time steps are usually chosen to  
reduce expense. Criticality searches are quite limited in  two-diincnsional codes 
owing to  the expensive neutron-flux calculations. However. region-dependent 
poison searches are norinally available. 

of a two-dimensional code which, i n  a 
sense, represents a combination of the PDQ-type diffusion calculation ( 3  5.73) 
and the CANDLE-type (55.1 12) depletion approach. Input includes the 
dimensions and compositions. on a rectangular-region basis, of the core and 
reflector radial cross section. After the diffusion calculation, flux determination, 
and eigenvalue solution, changes in fuel and poison composition are determined 
over the time step for each mesh rectangle. Owing to  the complexity of the 
calculation, however, th.e program differs from CANDLE in that only one time 
step at a time is carried out automatically. In this way adjustments can be made 
of transverse buckling, Flower level, etc. A criticality search is not provided. 

5.1 19 TURBO is :in exatnple’ 

Three-Dimensional Calculation Methods 

5.120 The most accurate method of determining isotope concentrations 
and control-rod configurations as a function of time is the three-dimensional 
depletion code. But a few-group code with 50,000 mesh points takes about one 
day of computer time for just one flux calculation. When time dependence for 
fuel depletion is added, the running time becomes almost prohibitive. Two 
different code types have therefore been developed for reducing computer time. 
One FLARE, simply uses fewer mesh points and only one-group 
diffusion theory. Since the representation is crude, experimental measurements 
are used to  fix adjustable parameters. The other type, e.g., the TURBO-ZIP 
system,” retains the large number of mesh points and several energy groups by 
combining one- and two-dimensional calculations into a synthesized solution. 
Some versions of PDQ also allow restricted three-dimensional solutions. 

A synthesis code provides an approximate three-dimensional picture 
by combining solutions of the one- and two-dimensional problems. If sepa- 
rability of the flux into two components is assumed, the solutions are combined 
by multiplying the axi.al-flux variation by the two-dimensional flux shapes 
(TURBO-ZIP System). In another method’ of synthesis (TNT02), the 
axial-flux solution is replaced by an axially dependent mixing function F(z). The 
three-dimensional flux is then represented by a linear combination of the x-y 
flux components of each value of z :  

5.121 
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Synthesis techniques have several disadvantages (8 5.75). Discontinuities develop 
at the interfaces between axial zones; moreover, separability of the flux is not a 
good assumption for highly heterogeneous cores. Also, in the second synthesis 
method, the functions @,(x,y) are difficult to  develop. 

5.122 FLAKE permits a three-dirnerisioiial representation by providing a 
maxiinuni array of 14 by 14 by 12 nodes. The core is therefore normally divided 
into u p t o  12 axial zones with symmetry used to permit a one-half or one-quarter 
core radial representation. The calculation consists of a source iteration and a 
fuel-burnup iteration. Actually, there is no depletion calculation. Only fuel 
exposure is calculated for each node with an independent calculation necessary 
to deterniine isotopic compositions. 

5.1 23 A modified diffusion-theory model is used which involves only two 
parameters, k ,  and M 2  (migration area), which are inputted as analytical fits to 
a fuel-exposure function based on experiinental data 01- a more precise 
calculation. The calculation is further simplified by using an albedo to represent 
the reflector. 

5.124 FLARE, developed for boiling-water reactors, includes an iteration 
calculation for finding the coolant-void fraction, as well as power and 
fuel-exposure iteration. The fuel-exposure iteration can be used to simulate 
control-rod programming specified in the FLAKE input for each step. Typical 
running time for a converged-power and void solution is -2 min. 

5.125 The TURBO-ZIP system is a three-dimensional synthesis depletion 
program that combines the two-dimensional TURBO code and the one- 
dimensio~ial ZIP code. This method is based on the assumption that the solution 
to  the three-dimensional diffusion can be represented by the product of the 
two-dimensional x-y flux from TURBO and a one-diineiisional z-flux function 
from ZIP. Several radial zones of  a core are depleted over the expected core life 
by TURBO. Each of these radial zones corresponds to  an axial point in the 
ZIP-calculation. For each axial point, flux-averaged diffusion coefficients, 
macroscopic cross sections, bucklings, and isotope densities are known from the 
TURBO output data. These data are input to  ZIP either in tabular form or as a 
least-squares fit to  a polynomial with fuel fraction as the independent variable. 

5.126 The diffusion-equation coefficients a t  each axial point known, ZIP is 
used to calculate the flux and power distribution in slab geometry. Adepletion 
calculation then determines the fraction of fuel remaining at each axial point. 
The specific isotopic compositions can then be found from the TURBO data 
known a s  functions of fuel fraction. New diffusion coefficients are then 
calculated, and the calculation proceeds to the next depletion step. After all 
depletion steps are finished, the flux, power, and fuel fractions are known for 
each axial point at each time step. From these data and the TURBO data, the 
complete three-dimensional time-dependent map of flux, power, and isotope 
concentrations can be found. 
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Special Depletion Approaches 

5.127 A depletion codez9 of special interest, particularly for water 
reactors, is LASER. Fuel burnup in a single heterogeneous lattice cell is obtained 
by transport theory for a one-dimensional representation. MUFT (85.49) and 
THERMOS (55.53) are included to  develop constants as burnup proceeds. The 
model therefore accounts for depletion spatial and energy effects on a lattice 
microscopic scale (lattice cell). 

5.128 In using depletion codes, the core designer is interested not only in 
reactivity and concentration from a given set of input specifications but also in 
how changes in the input design parameters affect the results. Such changes are 
necessary as part of the design iteration process ( 5  1.27) in the search for the 
most satisfactory specifications. One approach is to  vary the input specifications 
systematically and develop a set of parametric plots. The many parameters and 
the relative complexity of depletion calculations make this approach an 
expensive one. Another approach is to  use perturbation theory’ which is useful 
in criticality calculations to determine the sensitivity of the multiplication factor 
to input parameters in t1:rms of the flux calculation and its adjoint. Application 
to  depletion calculations, is difficult, however, since the equations are nonlinear 
and do not represent an eigenvalue problem. ARIADNE-I, a burnup perturbation 
code” based on a two-group point model, represents an initial attempt to  
develop a useful design a.?proach. 

A PP L ICA T I 0  NS 

5.129 Although applications have been indicated in the preceding discussion, 
a few additional comments are in order for light-water-cooled and moderated 
cores. Studied extensively, these cores have had operating experience, and a 
design practice has therefore evolved. The approach for pressurized-water 
reactors uses a niu1tig:oup slowing-down treatment, such as MUFT; the 
development of group cross sections describing resonance capture and the fast 
effect by lattice-theory calculations; and a lattice thermalization method, such as 
SOFOCATE or THERMOS. Four groups, as collapsed from the multigroup 
representation, are usua.lly adequate for the spatial calculation. Since flux 
variation is smooth, a coarse mesh is satisfactory. Similarly, large time steps can 
be used in the depletion calculation. 

5.130 I n  boiling-wai:er reactors local reactivity and flux change markedly at 
the axial level where boiling begins. As a result hydraulic parameters affecting 
the boiling point contribute t o  the criticality determination. A simplified 
neutronic model is therefore useful to  determine the spectrum on a local basis as 
a function of water density. Neutron reaction rates can then be determined from 
cell calculations that can be performed at different water densities. The power 
shape is then determined, followed by a point-by-point depletion calculation. 
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FLARE (35.1 22), a one-group three-dimensional program, gives good results for 
the representation. 

DYNAMIC-ANALYSIS METHODS 

INTRODUCTION 

5.131 A major requirement of the nuclear design is to  carry out sufficient 
analysis to  ensure satisfactory dynamic behavior. Kinetics design calculations can 
be considered in three general categories. (1) Adequate control and reactivity 
margins must be provided for in accordance with the fuel-system design. (2) 
Reactor stability parameters, such as temperature- and power-feedback coeffi- 
cients, must be determined. (3) Accident mechanisms and behavior must be 
analyzed to  guide in establishing safety criteria. Although these areas are related 
t o  one another, the objectives from the viewpoint of the designer are quite 
different. 

5.132 The nuclear design must provide sufficient excess reactivity in the 
fuel initially loaded in the core to compensate for the loss during operation as 
the fissile atoms are depleted and fission products are formed between fuel 
loadings. An additional margin must be provided, of course, for the reactivity 
changes associated with start-up and day-to-day operational requirements and 
the possibility of xenon buildup. Control rods, burnable poisons, and other 
schemes arc in turn necessary to  compensate for this built-in excess reactivity as 
well as to  provide shutdown capability in a wide range of circumstances. Such 
considerations are considered in Chap. 6 ($6.37 et  seq.). 

5.1 33 Comparatively long term control and reactivity rcquireme’nts of this 
type are included as part of the steady-state and depletion core calculation. The 
kinetics equations are not involved. Problems introduced in the analysis, 
however, can be formidable, particularly those in the heterogeneous cores of 
thermal reactors caused by strong absorbers and axial variations arising from 
control-rod movement. The need for fuel-management schemes ( 3  7.53) wherein 
fuel of different enrichments may be scattered in the core further complicates 
the analysis. 

5.134 A knowledge of the transient or “kinetic” behavior of the complete 
reactor system is an important part of the evaluation of a design in ternis of 
safety criteria (56.95). An analysis of such a system involves much more than a 
description of the nuclear behavior of the core, however, since heat transfer, 
fluid flow, and other aspects of the plant must be considered in the various 
reactivity-feedback paths that determine whether or not the system is stable.’ 
Since stability analysis is treated at length in texts on control theory and 
kinetics,’ p-6 this complicated subject is not discussed here. Reactor kinetics 
itself 1s a challenging discipline that cannot appropriately be treated here. 
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Pertinent to the preceding discussion of nuclear design calculations, however, are 
approaches used to dei.erinine kinetics parameters. This effort is only a small 
part of what might be done in the stability analysis. 

REACT1 VI T Y-CHA NG E CA L CUL A TIONS 

5.135 The most familiar reactivity coefficient, or combination of coeffi- 
cients, is based on temperature changes in the core. As explained in detail 
elsewhere,6 * reactivity changes can result from a combination of mechanisms, 
such as a change in the mean energy of neutrons in a thermal reactor, changes in 
density of materials, and changes in core size. Appropriate coefficients have been 
expressed as derivatives in terms of various reactor parameters after various 
algebraic manipulations to  develop the desired functional dependencies. The 
temperature pattern in a core is far from uniform, however, since a gradient all 
the way from the center of a fuel pin to  the coolant is required to accomplish 
the desired energy removal. Indeed, the gradients depend not only on the power 
generated but also on the rate of a “transient” change. Reactivity coefficients 
based on very crude models that neglect these effects therefore tend to  be very 
approximate. 

5.136 The chatige it? reactivity* caused by change in reactor power and a 
corresponding change in temperature pattern can be found by solving the 
eigenvalue problem for each condition. The niultigroup diffusion-theory 
approaches previously described, for example, can be used. 

5.1 37 Perturbation theory, another approach useful in determining reac- 
tivity coefficients, a1lc.w~ small changes of a s y s t e m  to be studied by using the 
characteristics of the c,riginal system. Studying such small effects by proceeding 
through a inultigroup eigenvalue calculation is difficult since the effect of the 
change can be lost in the calculations owing to various approximations involved. 
Localized changes, not easily treated by other methods, can be treated by 
perturbation theory. Here, however, we alert the reader to  the existence of 
perturbation-theory methods rather than describe them, since the mathematical 
background is sophisticated and space consuming. 

5.138 The foregoing methods relate changes in reactivity (kCff) to  
temperature or power changes in the core. Although such reactivity coefficients 
are important in the stability analysis of the reactor, they have limited usefulness 
in predicting kinetic b1:havior unless associated with rate-ofchatige information 
in a time-dependent pi-obletn. A solution of the reactor kinetics equation is the 
first step in providing such information. The normal approach is to  use a 
one-point reactor model with only one neutron energy group. The familiar6 

*In this case reactivity refers to k e f f  in a steady-state system, not to p as discussed in 
55.138. 
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and 

A frequently used modification of the first system is 

dt 1 dt  
i= 1 

(5.36) 

(5.37) 

(5.38) 

where n = neutron density 
kef,- = effective multiplication constant 

kex = keff - ' 
p = delayed neutron fraction 

ai = relative yield of the i th delayed neutron group 
p i  = pai ,  delayed neutron fraction for i th delayed neutron group 
Xi  = decay constant of the i th delayed neutron group 
Ci = density of precursors for the i th delayed neutron group 
1 = total number of delayed neutron groups 
1 = prompt-neutron lifetime 

p = kex/keff = reactivity [p' = k,,/(keffp). reactivity in dollars] 
t = time 

A zero subscript to  any of these quantities indicates an initial value. External 
source terms are often included in the neutron-density equation. 
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TYPICAL CODES 

5.139 A classical computer code64 for solving these equations is 
AlREK-3, which allows the reactivity to  be described as a function of time 
and in terms of a feedback function. Outputs from the code include the neutron 
density, the inverse pwiod, and various feedback variables. all as a function of 
time. The numerical methods for this type of computation are somewhat 
challenging. One is based on transforming the kinetic differential equations into 
integral equations and then applying numerical approximations to  the integrals. 
With this method, called collocutiot~,~ it is assuined that the time variation of 
reactivity and neutron density can be matched by quadratic functions in a short 
time interval. Time steps as large as 1 sec can be used for many problems, and an 
analysis can thus be made with a moderate expenditure of computing time. 

5.140 1 t is desirable to  incorporate the neutron-behavior analysis provided 
by AlREK into a more general systems-analysis study as required for hazards 
analysis and design. 'The feedback functions provide such a possibility. In 
AIROS, feedback equations are available to represent multichann heat transfer, 
coolant flow, and other parameters.66 Although a point modei .'91 ed for the 
neutron behavior, spatial flexibility is possible in the representation of the heat 
transfer . 

5.141 Since most cornrnercially interesting reactor cores are large, spatial 
effects make an important contribution to  the dynamic behavior.6 Therefore 
spatially dependent kinetics and the development of analysis methods have 
received ni~icli attention. Various approximate methods have been proposed to 
treat the space-time behavior of such large systems. One approach is t o  expand 
the flux, source, arid precursor densities in  a set of orthogonal spatial 
eigenfunctions (modal expansions) and then use various techniques to obtain the 
description of system behavior.6 In a somewhat different approach, the 
computer code6 WIGLE, using diffusion theory with time dependence, can 
accommodate one diixension and two energy groups. Since this subject is in a 
state of vigorous development, the designer should carefully consult the current 
literature to determine what method can best meet his requirements. 

5.142 The foregoing discussion on control parameters and kinetic design is 
intended only as an orientation t o  some of the computations. In applying such 
procedures, the designer must understand the kinetics and important parameters 
as applied t o  a specific concept. For example, a set of kinetics design principles 
for fast reactors can be quite different from those for large, water-moderated 
systems. In fast reactors coolant-void and Doppler effects are very important 
results of a reactivity increase from spectral hardening. Also, poison absorbers 
are difficult to  use since cross sections are generally low. In fact, the whole 
subject of fast reactor control is a very special one that plays a major role in the 
design of such systems.70 Knowledge of the specific system parameters and their 
behavior is therefore essential. 
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5.1 43 Reactor-kinetics analyses of the third category concern large tran- 
sients possible after accidents. A study of the consequences of such improbable 
events may also be included. Such analyses, covering a range of subjects, are 
treated in Chap. 6 (Safety and Related Design Requirements) and in Chap. 8 
(De sign C onsidera tions). 

INTERPLAY OF CALCULATION METHODS AND 
CORE NUCLEAR DESIGN 

5.144 Methods of representing the nuclear behavior of the core in terms of 
parameters that can be adjusted by the designer have been emphasized here. 
Calculation methods, therefore, provide a tool for the designer to relate cause 
and effect. So inany parameters are interrelated, however, that an important 
secondary role of the calculation methods is to  idetztijj how a given change in a 
specification can lead to  otherwise unforeseen effects. In many cases the use of 
various computer-code output options can provide the designer the needed 
insight. In other cases, where the approximations of the calculation, the mode 
assumed, or the constants used become important, a basic understanding of the 
calculation method is essential to the design process. Some of these general 
considerations are clarified by the following examples. 

5.145 A primary nuclear-design requirement is to  plan the core fuel within 
the limits of a satisfactory power-density distribution, control margin, and 
reactivity lifetime. Economic parameters such as processing cost could affect the 
optiinuni enrichment point, however. Thus the fuel-management program design 
may require a good deal of iterative parameter adjustment. For a heterogeneous 
core, however, such as that for boiling-water or pressurized-water reactors, the 
calculation is complicated. 

5.146 Let us consider an example: The enrichment originally specified for a 
pressurized-water-reactor core needs to be increased to provide a longer fuel 
lifetime. The core at a given time will contain several different fuel batches, each 
of a different enrichment, depending on the fuel management strategy adopted. 
For the present, however, this factor can be neglected. Because of the new 
enrichment, important changes will occur in the lattice unit cell as the spectrum 
changes, and new constants will need to  be generated. Even the code-group 
energy structure may have to be adjusted. An increase in enrichment will 
probably also require a corresponding increase in control poison to  compensate 
for the increased initial reactivity. The resulting changed neutron absorption in 
the lattice cell might then possibly affect the validity of the cell-theory 
assumptions (85.71) made in the original calculation for the initial enrichment 
conditions. Therefore, when changes are made as part of the design process, the 
calculation method itself often deserves as much attention as the design 
parameters. 

200 NUCLEAR-ANALYSIS METHODS 

.. . 



5.147 The pin-by-pin power distribution in the core will also be affected by 
any parameter adjustment that causes a change in flux pattern. A check on pin 
temperatures to determine if there is a danger of overheating can indeed be a 
calculation challenge requiring that fineness-of-lattice representations and 
approximations be evaluated. 

5.148 In each of the preceding cases, an apparently simple change can lead 
to  a number of interrelated effects, some of which are identified in the 
calculation. Such effel:ts should be considered in parameter adjustment as 
carried out  in the design process. Furthermore, the applicability of the 
calculation method to  the problem may be affected. The designer must therefore 
be careful not to blindly accept a computer readout without assuring himself 
that it is valid for his purpose. In addition, he must be alert to side effects 
resulting from what may appear at first glance to be a straightforward cause-and- 
effect calculation. 

ROLE OF EXPERIMENTAL METHODS 

INTRODUCTION 

5.149 Experimental measurements of various kinds are an important part 
of the overall reactor-core design activity. Since design calculation methods are 
not exact, it is necessary to  relate them t o  known physical behavior. In addition, 
uncertainties are involved in some of the basic physical constants used in the 
calculations. Consequently the range of reliability of calculation models and 
methods must frequently be determined by using the results of experiments 
systeinatically planned for comparison. 

5.150 The designer, in attempting an analytical description of the desired 
reactor core, is faced with the need to use more and more complicated models as 
he tries to  represent an actual core more realistically. The complexity is caused 
by lattice details, suc:h as control-rod effects, flux variations, and isotopic 
changes during depletion. In addition, various parameters, such as temperature 
coefficients and rod worths, are important in the design. A comparatively simple 
model has the advantage of permitting relatively inexpensive calculations, 
provided the results are adequate for the design purpose. Experimental 
measurements can provide diagnostic information helpful in deciding whether a 
given model is indeed satisfactory. 

5.151 Most experiments can be placed in the following c a t e g o r i e ~ : ~ '  
1. Basic parameter studies. Measurements may be made of the basic physical 

parameters inherent in  the model, such as absorption and scattering cross 
sections and resonance effects of material. 

2. Neutron behavior. Measurements of neutron thermalization in various 
media and the determination of reactor physics constants represent a type of 
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basic experiment that can be made separately or in a lattice. I t  is usually 
differential in nature. 

3. Critical experiments. Included are two areas, so-called clean critical 
experiments in which simple geometry is used and core mock-up experiments. 
These are of the integral type. 

4. Subcritical experiments. 

BASIC PHYSICAL CONSTANTS 

5.152 The reliability of nuclear-design methods depends on the nature of 
approximations in the calculational models used, and also to  some extent on the 
accuracy of cross sections and other nuclear constants. Various approaches are 
used in the required experimental physics effort. Since the only objective here is 
to draw attention to the activity, descriptions are not appropriate. Accurate 
cross sections as a function of energy for all reactor isotopes continue to be an 
important need, however, and an experimental challenge. Fission properties, 
resonance integrals, decay constants, and other basic parameters can be included 
in this category. The experimental facilities required for the measurements 
generally do not involve a reactor core except possibly as a neutron source. 

NEUTRON-PROCESS DIFFERENTIAL EXPERIMENTS 

5.153 Other experiments, usually differential in nature, are intended to 
measure neutron processes, such as therinalization, that occur in a lattice region. 
Such experiments, which verify the neutron behavior i n  a core lattice, aid the 
designer by providing a bridge between the basic information on physics 
constants and integral-experiment results. Such information not only provides a 
better description of the building blocks of the core analytical model but also 
improves the usefulness of such models. For example, predictions based on an 
analytical model might well agree with results merely because various errors tend 
to  compensate with one another. Errors can be reduced by suitable differential 
experiments. The reactor model might then be used to  predict with confidence 
parameters of interest throughout the reactor-fuel-depletion cycle for other cases 
where an integral-experiment confirmation may be difficult. 

5.154 In general, these experiments are concerned with the thermal or 
epitlierinal neutron distribution in a core lattice as a function of space, time. and 
energy. This category may also include measurements of resonance escape, 
thermal utilization, fast fission ratios, etc. The techniques developed for such 
work emphasize the microscopic characteristics of the core rather than the 
overall behavior. Activation foils, for example. have been very useful as spectral 
indicators. 
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ZERO-POWER CRITICAL EXPERIMENTS 

5.155 Integral experiments that test the design model are very useful. 
Operation at  extremely low power levels has the advantage of producing little 
heat to  be removed, a s  well as ensuring that composition will not change with 
time. Since fission products are produced in negligible amounts, the core is also 
accessible after an experiment, and necessary geometric adjustments can easily 
be made. Two different approaches are used. In one. referred to  as clean critical 
experiments, a simplified geometry is used. “Clean” refers to  freedom from such 
complications as the partial insertion of control rods. The objective is to  uncover 
major problem areas in the analytical model by systematically varying 
parameters and determining the effect on criticality. Fairly simple experiments 
of this type are often very useful during the early development stages of a 
concept for evaluating, its feasibility. Once the feasibility is proven, however, a 
more accurate represen tation is needed to supplement the detailed design. 

5.156 In mock-up experiments a reasonably accurate representation of the 
core is attempted. One use is to check the validity of heterogeneous-lattice 
design techniques such as those necessary for the boiling-water-reactor core 
shown in Fig. 5.7. Here the presence of  large water gaps and cruciform control 
rods represents a substantial analytical challenge.7Z Core mock-ups can also 
provide the designer with such information as approximate critical-rod positions, 
rod worths, shutdown margins, and, to some extent. temperature coefficients. 
The designer should remember, however, that mock-ups are to  partially confirm 
analytical methods ar!d are not as satisfactory as an actual reactor core for 
predicting characteristics. 

The need for separate zero-power experiments varies with the stage 
of development of ihe concept. I n  well-developed pressurized-water- and 
boiling-water-reactor :;ysterns, for example, critical experiments for design 
purposes are generally no longer needed; experiments and measurements begun 
after the reactor is built and carried out during the start-up activities are 
emphasized. These confirm design calculations and establish characteristics 
necessary t m e t  licerising requirements ($6.205). 

5.157 

SUBCRITICAL EXPERIMENTS 

5.158 Various types of experiments on subcritical systenis are also useful. 
Pulsed-neutron-source techniques are one example. A repetitive pulse of 
high-energy neutrons I S  injected into a subcritical assembly, and the time rate of 
decay of the prompt neutrons generated by each burst is measured. The degree 
of subcriticality can then be obtained from the decay rate. In this case, 
comparison of the experimental results with analytical predictions can test the 
model used to describe the leakage. The technique can also be used to  determine 
the worth of control elements. 
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5.159 Neutrons in subcritical assemblies can be studied by using the 
slow-chopper technique. Neutrons of different velocities are separated by the 
different times of arrival at a detector after having been chopped into pulsed 
bursts by a rotating shutter. Characteristics of the multiplying medium can then 
be compared with those predicted by calculations. 

5.160 Fast subcritical assemblies73 can be designed to  provide a neutron 
spectrum at the core-blanket interface, and into the blanket, that simulates the 
spectral behavior in these regions of large fast breeder reactors. Blanket design 
parameters and related fuel-cycle questions can be experinientally studied in 
such a facility more convcnicntly than in a critical assembly. 

COORDINATION OF EXPERIMENT AND DESIGN 

5.161 Basic physical-constant data from neutron-behavior experiments 
generally apply to a variety of designs. Although coordination with specific 
concepts is not necessary, an awareness of design needs for specific materials or 
specific parametric ranges should guide the experimentalist. however. For lattice 
parameters, close coordination is important between the designer and the 
experimentalist during the various stages of a new project. Mock-up critical 
experiments can be performed if needed to verify design decisions before 
manufacturing is approved. 

5.162 Experimental methods are Iielpful to the designer even after the 
reactor has been built. A comparison of measurements made in an operating 
power reactor with those made during start-up, and possibly with a zero-power 
critical experiment can provide a basis for the extrapolation that may be needed 
to  design additional reactors of the same general type. In large power reactors, 
sinal1 variations in parameters may represent a considerable sum of money over 
the lifetime of the reactor. An optimization of the reactor design through all 
possible methods, including experimental verification of calculation models, is 
therefore economically highly justified. Such effort is particularly appropriate 
for the design of replacement cores. 
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I NT RODUCT I ON 

6.1 Public health and safety as well as safe operation of a plant are 
important responsibilities of the design engineer whatever the nature of the 
industrial process involved. For  nuclear energy systems, however, the designer 
has some special responsibilities. The fission-product inventory of a large nuclear 
power plant, if somehow completely released, would indeed be catastrophic. 
Although the probability of such a release, or even a small fraction of it, is 
normally extremely low even under abnormal conditions, the designer must 
recognize that the public, being generally aware of weapons effects, fallout, etc., 
is very sensitive to the possibility of nuclear hazards.' Furthermore, these 
considerations and a growing general awareness of the effects of the environment 
on the quality of life have brought nuclear power plants to the focus of public 
concern. 

6.2 In the United States a proposed plant design is subjected to a searching 
analysis as part of a licensing procedure intended t o  protect the public. Various 
accident possibilities are analyzed, primarily to  evaluate the safeguards provided 
in the design against such accidents. Since the project cannot become a reality 
unless the licensing requirements are fulfilled, meeting safety criteria is vital to 
the design process right from the beginning. Environmental considerations 
associated with the reactor site and not directly concerned with safety enhance 
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the challenge. For example, the effects of discharging waste heat to rivers or 
lakes are likely to be a vital design consideration. 

6.3 The broad area of design for safety includes several subjects. Questions 
of reactor control and kinetics are certainly part of the story although they are 
likely to be included in the nuclear design. Coolant thermal-hydraulics 
limitations, particularly during transients, relate t o  safety criteria. Accidents that 

.could lead t o  fission-pi-oduct release and the engineering design to avoid such 
accidents are included in yet  another subject category. A major part of safety 
design is the containment and its relation to the site. 

6.4 Each subject can have considerable depth, depending on the needs of 
the designer. For example, an analysis of the release and transport of fission 
products could involve detailed study of various diffusion transport processes as 
well as isotopic changes. Site considerations could involve complex social 
and economic as well as engineering factors. In addition, a knowledge of  the 
requirements for power reactor licensing, which involve legal considerations, 
is essential background for the designer. 

6.5 Since the sub.iect of reactor safety is so broad and involves so many 
disciplines, only the role of specialists as they might interrelate with the designer 
and the availability of information in book form are considered in this chapter. 
For example, the principles of reactor kinetics and control are well described. In 
addition, this subject tends to be the responsibility of a specialist. Therefore the 
discussion here is for the nonspecialist designer or student who is concerned 
primarily with orientation and interplay with other phases of the design. Thus 
conceptual relations rafher than technical detail are emphasized. 

6.6 In this conceptual approach the design features needed to  ensure 
reliable and stable reactor operation are given high priority. The probability of 
abnormal operating conditions and accidents should be made as low as practical. 
Although this probability can be made extremely low, it cannot be made equal 
to zero. Hence the conrrol of fission products becomes a prime. reactor-safety 
consideration. 

6.7 Fission products build up in the fuel and are kept there by the first 
barrier, namely, the fuel material and the fuel cladding. If for any reason this 
barrier is violated, some fraction of the fission-product buildup will be released 
to the primary coolant system, the second barrier. If, then, the primary system is 
breached, fission prciducts encounter the third barrier, the containment 
structure; finally, if this fails, fission products can move into the environment. 
What must be considered, therefore, are the factors that enter into the possible 
violation of the integrilies of  the fuel cladding, primary system, and containment 
structure and the relation of  these factors t o  each other and t o  plant design. 

6.8 Several aspects of  reactor control which tend to prevent abnormal 
behavior are therefore initially considered in this chapter. Background material 
on fission products is next presented as a basis for the subsequent discussion on 
types of abnormal reactor behavior. Next, engineered safety features incorpo- 
rated in the design to control the fission products, should they be released, are 

1 

INTRODUCTION 209 



considered. Since all the preceding subjects can affect the safety of the public, 
licensing requirements also deserve attention. 

KINETICS AND CONTROL REQUIREMENTS 

21 0 

6.9 Reactor safety design logically begins with an analysis of the kinetic 
behavior, particularly in relation to other design parameters. Of course, the 
control system must be considered together with the kinetics to  determine the 
transient behavior of the plant, including questions of stability. Transients result 
from both routine operation and unexpected nonroutine situations. In  the 
establishment of limiting conditions that affect component design, the non- 
routine situation is generally more important but is more difficult to describe 
analytically. This is particularly true of a large transient associated with an 
accident. Since i t  is also difficult t o  separate operational and safety matters, we 
shall first discuss simplified operational transients. 

KINETIC BEHA VIOR 

6.10 A starting point for studying the time behavior of reactor power as a 
function of core reactivity is the conventional form of reactor kinetics 
equations, such as 

6 C; 
(6.1) n i =  1 

P d t  n d t  1" 

where P is the reactor power and the other symbols have the usual meaning 
($5.1 38). Solutions t o  these equations and their application are well described 

However, Eqs. 6.1 and 6.2 are substantially simplified from the 
basic transport-theory description dependent on neutron energy, direction of 
motion, and position. The applicability of the approximations used should 
therefore not be overlooked. 

6.11 Although various methods treat spatial dependency as well as energy 
effects, more important here is the time dependency of the neutron chain 
reaction in relation t o  various reactivity-feedback effects. The space-independent 
or point-reactor-model relations are therefore considered adequate for identify- 
ing important parameters. Spatial effects are considered separately (§ 6.3 1). 

6.12 The core reactivity can be affected by a wide number of so-called 
disturbances that tend t o  change the neutron balance. Since many of these 
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disturbances can be caused, or at least be affected, by the reactor power, the 
behavior can be described by a typical control feedback loop (Fig. 6.1). In  the 
diagram an externally applied change in reactivity operates through the neutron 
kinetics equations t o  yield an incremental change in reactor power. Various 
effects from the change in energy production affect, in turn, the reactivity 
(comprising the power coefficient) and therefore feed back and combine with 
the original externally applied reactivity, either reinforcing or diminishing it. 
depending on the sign of the coefficient. Remember that the ultimate effects 
depend largely on the time required for the chain of events in the feedback loop. 

6.13 Such feedbac'c-controlled reactor behavior can be described by three 
systems of equations: 

I .  The neutron-kinetics equations relating multiplication factor (reactivity) 
and neutron density, normally assumed proportional t o  the reactor power. 

2. A family of thermal-transport and hydrodynamic equations that relate 
the reactor power to temperature distributions within the reactor core. 

3. Equations relating the changes in reactor temperature to  reactivity, 
providing the feedback rffect. 

6.14 I t  is useful to express the feedback effect in  terms of a so-called power 
coefficient of reactivity, which relates power-dependent changes, such as a shift 
in temperature pattern, a change in the relative position of one component to  
another, or other effects, all t o  the reactivity. Actually, the power coefficient of 
reactivity is not a single coefficient but a composite of a number of individual 
contributions, in the sense of partial coefficients. 

6.15 Such partial coefficients merely serve to  simplify the analysis by 
permitting separate consideration of temperature effects on the properties of 
different core components and, in turn, the effects of such changes on the 
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Fig. 6.1 Concept of reactivity feedback through power coefficient of 
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neutron balance. Temperature-induced feedback mechanisms range from the 
Doppler effect, primarily a nuclear interaction phenomenon, to  the results of the 
expansion of  various reactor components, such as the fuel, coolant, or 
moderator. Such expansion leads to  secondary nuclear changes affecting the 
reactivity. 

6.16 Since the terms associated with these various coefficients are not 
standard, we shall clarify their meaning. First, consider separately the effects 
that do not depend on the steady-state operating power at the time of the 
transient. For example, an isothermal-temperature coefficient can be used to  
describe the reactivity change caused by a unit change in the uniform 
temperature of the core on a zero-power basis. In other words, temperature 
gradients such as those which would occur in the fuel at power are not 
considered. In some cases it is useful t o  consider the coolant and the moderator 
separately from the fuel, still on a zero-power basis, or a t  least with each region 
at its own uniform temperature. Isothermal-temperature coefficients, deter- 
mined experimentally by measuring the reactivity at several uniform core 
temperatures, provide a basis for calculations applicable t o  other conditions 
involving temperature gradients. 

6.17 Reactivity changes due t o  power transients are caused by temperature 
changes of core components, which, in turn, are caused by shifts in the 
heat-generation-heat-removal balance. Bear in mind that the temperature of a 
component at any instant depends on the relative rates of thermal input and 
heat removal, as well as its heat capacity. Temperature changes occur after the 
time delay required for the necessary heat transfer and hence are coupled t o  the 
initiating power transients by  time-dependent dynamic relations. Therefore the 
power coefficient of reactivity in Fig. 6.1 is really the composite of a number of 
different feedback effects, each with a separate time constant. 

6.18 Rather than use the power-coefficient concept, it  is frequently 
preferable t o  consider feedback effects individually t o  develop a clearer picture 
of the relative contributions. For  example, the dynamic performance of a 
boiling-water reactor, which depends on the interaction of fuel power, heat 
transfer to  coolant, void formation, channel flow, and void reactivity feedbacks, 
can be described by  a diagram’ such as Fig. 6.2. Although temperature gradients 
exist, average temperatures that take the gradient into consideration are often 
used for the moderator, fuel, etc. Use of such effective temperatures of various 
regions in developing a feedback picture is sometimes termed a “lumped- 
parameter” approach. 

6.1 9 Fortunately temperature-dependent effects, such as the expansion of 
moderator or the formation of voids in a boiling-water reactor, tend to  dampen 
reactivity increases instead of  reinforcing them. It is important to  keep 
exceptions in mind, however, such as when a significant neutron absorber 
expands and a lower density of absorbing nuclei becomes effective in the 
neutron balance. A dampening effect dependent on a long thermal-transport 
path and hence slow acting when compared with the rate of a possible reactivity 
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increase may also not come into effect until the temperature of the fuel becomes 
excessive. Fast-acting niiclear effects, such as the Doppler coefficient, which are 
dependent on the fuel temperature itself are therefore important t o  safety 
design, particularly for fast reactors. 

FUEL -TE MP E R ATU R E 
COEFFICIENT 

- 

I A k  FUEL 
FUEL 
TEMPERATURE 

KI  N ET1 CS 

A k  VOIDS HEAT TO 
COOLANT 

Fig. 6.2 Simplified block diagram of nuclear-thermal-hydraulic feedback 
loop. 

THE DOPPLER COEFFICIENT 

6.20 An important prompt-acting coefficient is the result of the Doppler 
effect. For the resonance absorption of neutrons by heavy fissile and fertile 
elements, the thermal agitation of the target nuclei tends t o  affect the relative 
velocity of the incident neutron and the nuclide and hence the cross section. As 
the temperature of the material is raised, the increased thermal agitation 
broadens an initially narrow resonance energy cross-section band. 

6.21 This broadening increases the neutron absorption since the flux now 
within the resonance energy band is enhanced. The actual integral of the 
energy-dependent absorption cross-section over the energy region remains 
unchanged, however. AS the resonance peak broadens, the selfshielding effect 
for heterogeneous fuel pins decreases; this tends t o  increase the absorption 
further. For  a very narrow resonance band with an extremely high cross section, 
a large self-shielding effect occurs since the surface nuclides can deplete the 
neutrons in the incident flux having energies within the band. Inner nuclides are 
therefore not effective. With broadening, however, a greater fraction of incident 
neutrons will have energies within the band. Although the maximum absorption 
cross section per nuclide is now reduced somewhat, the total absorption is 
increased since the underlying nuclides can now become effective absorbers. 
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6.22 For pure absorbing materials, such as * U and 2 3  'Th, the Doppler 
effect causes the reactivity t o  decrease as the temperature increases. Since, for 
pure fissile materials, such as 2 3 9 P u  and 2 3 5 U ,  capture competes with fission, 
increased Doppler-effect absorption could cause the reactivity to  increase as 
their temperature is raised. On the other hand, virtually every practical reactor 
system has enough pure absorbing (fertile) material in the core t o  make the net 
effect negative. The relative importance o f t h e  Doppler effect depends greatly on 
the spectral distribution of the fission events in a given core, however. In a 
well-thermalized system, for example, the fraction of fissions in the resonance 
region is likely t o  be comparatively small. Doppler broadening is therefore likely 
to  have only a minor effect on the reactivity. Considering the high end of the 
spectrum, a small fast reactor fueled with highly enriched metal that will have a 
rather hard spectrum will likewise not have a large reactivity change from the 
Doppler effect. In a large fast reactor fueled with oxide containing dilute 
plutonium and substantial 2 3 8 U ,  however, the Doppler effect tends to  be very 
import ant . 

STABILITY ANAL YSlS 

6.23 The stability of the reactor from the servomechanism viewpoint is, of' 
course. a question of safety that the designer must consider. However, since this 
is a sophisticated subject that is normally handled by specialists in kinetics and 
control and is well described elsewhere, it will be only briefly mentioned here. 

6.24 A reactor is considered stable if the neutron density will not grow 
without bound after a reactivity perturbation. Because of the possibility of 
oscillations due t o  feedback, however, an unsatisfactory, and hence unstable, 
situation could exist in a bounded system. Feedback effects include not only 
those associated with such core characteristics as temperature, moderator voids, 
and poisons but also many external reactor-plant effects, such as those 
associated with coolant transport, thermal transport, and control-rod mecha- 
nisms. The effects of these reactivity-feedback contributions are commonly 
analyzed by using transfer functions, which involves transformation t o  the 
complex plane and the frequency domain with linearity assumed. 

6.25 The transfer function, defined as the quotient of the Laplace 
transform of the output signal and the Laplace transform of the input signal, has 
the desirable property of permitting the analysis of a complex feedback system 
by using block diagrams and the simple algebraic manipulation of individual 
functions. 

6.26 Transfer-function methods for handling feedbacks and determining 
stability have evolved directly from servomechanism theory. As a result, a large 
body of literature describing these methods is available. However, since such 
methods are n o  better than the accuracy of the description of the various 
feedback coefficients, these feedback effects merit a good deal of design 
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attention. I t  is useful to  consider internal feedbacks, which include core- 
temperature coefficients and void coefficients, separately from external plant 
feedbacks, which depend on such design features as coolant circulation, 
control-valve characteristics, and rod-servomechanism behavior. Internal feed- 
back effects, considered part of  the study of the kinetic behavior of the core, are 
emphasized in books on the subject,334 and external system effects receive 
attention in books on reactor control engineering.6 

6.27 For  small dkturbances for which the assumption of linearity is valid, 
the stability can be determined by a variety of both analytical and graphical 
m e t h ~ d s , ~ , ~  some making use of transfer functions. An important advantage of 
these approaches is that .experimental measurements of the system response at 
low and intermediate power levels can be used as input t o  predict the stability 
limitations at  higher power levels. 

6.28 As disturbances become larger, a point is reached at which certain 
terms in the solutions of the kinetics equations can n o  longer be neglected and 
the behavior becomes nonlinear. In safety analysis nonlinear theory that can be 
applied t o  these large perturbations is of particular interest. Nonlinear partial 
differential equations also are introduced when the reactor system is described, 
taking into account the coupling of heat transfer, hydrodynamics, and 
time-dependent neutron diffusion. The prediction of conditions required for the 
stability of nonlinear systems is a challenge that has been only partially solved. 
One promising class of stability-analysis techniques for nonlinear systems is 
based on the “second method” of Liapunov,* in which various criteria are 
applied t o  a real, positive, definite scalar function of the differential-equation 
system being considrxed. A number of other analytical methods, some 
equivalent to the Liapunov method, have also been developed for nonlinear 
systems. 

6.29 In connecticn with stability analysis, the role of the delayed neutrons 
should be mentioned. Delayed neutrons are often neglected t o  reduce the 
complexity of the problem. Although it is argued that a system shown to be 
stable on prompt neutrons is usually more stable when the delayed neutrons are 
considered, such reasoning can produce an overly conservative design. Therefore, 
if the analysis accounts for delayed neutrons, a higher stable reactor power than 
might otherwise be considered acceptable might result. 

ANAL YSlS MODELS 

6.30 In large commercial reactor cores, spatial effects can become 
important, and representation by  a point kinetics model may not be accurate. 
On the other hand, a model for design analysis should be n o  more complicated 
than required since the calculation expense increases with the sophistication of 
the spatial dependency introduced. The calculation model and the corresponding 
computer code must therefore be tailored t o  the specific need, with work 
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indicating the expected accuracy considered. For example, for boiling-water 
reactors one-dimensional representation appears adequate for the coupled 
thermal-hydraulics kinetics.’ We shall not detail the various possibilities here, 
however. 

6.31 Various computational simplifications may also be applicable. In 
considering the power coefficient, for example, when changes are not rapid, we 
may frequently assume that the temperature distribution at any time is close to  
the steady-state temperature distribution corresponding to  the power level at 
that time. In this, the so-called quasi-static analysis, coolant flow rates and inlet 
temperatures are also held constant.’ Such separation of driving force and 
feedback effects tends t o  be more appropriate for thermal reactors than for fast 
reactors, where the time constants are shorter. Both quasi-static and nodal 
techniques, in wliich the reactor is divided into a number of regions, are also 
very useful in spatially dependent kinetics. 

6.32 The model used also depends on the extent of the transient 
considered. An analysis of an accident in which the fuel is melted, for example, 
with primary interest in subsequent events, requires a treatment much different 
from that of an operational transient. In the analysis of an excursion, it is 
sometimes useful to  break down the evaluation into three phases: (1 )  the 
initiating events, (2) the ensuing nuclear excursion, and (3) the resulting physical 
and chemical effects. Computations can be simplified for kinetic effects in bursts 
(phase 2). For example, a steady-state calculation can be used at several discrete 
time steps to  determine a time-dependent power distribution from which 
feedback effects and spatial changes can be developed. 

6.33 Spatial effects generally become important in large, loosely coupled 
cores in considering both modest transients and large excursions. For example, 
the sudden local insertion of cold water from one of the cooling loops of a 
pressurized-water reactor can produce not only an overall power excursion but 
also a “tilt” in the power pattern. Such tilting of the neutron flux combined 
with reactivity feedback effects is likely t o  lead t o  oscillatory transients across 
the core. 

6.34 A slower type of oscillation can result from the poisoning effect of 
I3’Xe. Should there be a localized perturbation leading t o  an increase in the 
neutron flux, the rate of 3’ Xe consumption, or burnout, will increase, and its 
concentration will thus decrease since its formation depends on ’ I decay. The 
reduced neutron absorption will cause the flux to  increase locally even further 
until the negative reactivity coefficient can become effective. 

6.35 Weak coupling questions also apply to  severe excursions. If one part of 
a system goes prompt critical and the remainder is only loosely coupled, space 
and time normally cannot be assumed as separable in the kinetics analysis. Of 
course, if material also becomes displaced, an analytical description of the 
transient becomes even more challenging. 

6.36 Although simplified models can be used for practical reactor-safety 
calculations, the great complexity of the physical situation, particularly after 
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fuel failure, must be recognized. Not only is the nuclear space-time problem 
difficult t o  describe blit also associated thermal-hydraulics mechanisms are 
poorly understood, most liquid-coolant systems being likely t o  boil. Also, the 
properties of materials are likely t o  be uncertain under the extreme conditions 
of the transient.' The designer should therefore continually keep in mind that 
useful approximations developed by workers in the field are primarily a means 
to  an end and should be used with caution. 

CONTROL OF REACTIVITY 

6.37 The control system and its design have an important bearing on the 
safety of the reactor plant. Since the kinetic behavior depends on reactivity 
changes, the amount of reactivity that may be inserted or removed, called the 
reactivity inventory, is one area of concern. This is particularly true because the 
inventory normally required is well above that needed for prompt criticality. 
The methods for inserting and removing the reactivity, or portions of it, as 
needed are the second area of concern. Particularly important are the methods 
for quickly shutting down the reactor in the event of an operational difficulty or 
equipment malfunction. 

'THE REA CTl VI T Y IN VEN TO R Y 

6.38 The fuel lcading must provide sufficient positive reactivity t o  
compensate for such typical reactivity losses as those caused by heating the core 
to operating temperature in water-moderated reactors and those caused by the 
depletion of fissile atoms during operation. This excess reactivity must, in turn, 
be compensated by  control elements. In addition, sufficient shutdown margin 
must be available at all times t o  reduce the reactor power quickly. An 
accounting of reactivity needs and its apportionment among various compen- 
sating control elements is therefore a design requirement. 

The term excess reactivity, p e x ,  refers t o  the core (and blanket) reactivity when 
all control elements are a t  their maximum reactivity state. Another important 
reference state occurs during shutdown when all control elements are adjusted to  
a minimum reactivity :itate. The difference between criticality and the minimum 
reactivity condition is called the shutdown margin, and the range between the 
excess reactivity and the minimum reactivity is the reactivity worth of the 
control elements. However, in the specification of reactivity, ambiguity can be 
avoided only if the exact state of the reactor is described. For  example, the cold, 

6.39 A few definitions are useful in discussions of reactivity inventory.' 
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clean* state is quite different from hot and clean at  zero power, hot and clean at 
full power, and states at different degrees of fuel burnup. Unfortunately the 
states used in published reactor-inventory specifications are not always uniform 
and must therefore be interpreted carefully. 

6.40 The amount of excess reactivity required for a given reactor design is 
related t o  its safety only indirectly. Although a reactor with a large built-in 
excess reactivity requires more compensation than one with a small excess 
reactivity and therefore is not inherently less safe, the potential for prompt 
criticality exists in each case. Provisions for manipulating the needed excess 
reactivity and especially the corresponding compensation are therefore of 
primary importance to  safety, with the amount of excess reactivity involved 
somewhat secondary. However, a small excess reactivity is economically 
preferable to  reduce unproductive neutron absorption in control matenals and 
to  reduce the number of  control rods with associated perturbations on the 
power distribution. 

6.41 The shutdown margin, or the amount of negative reactivity available, 
affects the rate at which the reactor power level is reduced after the rods have 
been scrammed. The important parameter is the quantity I / [  1 - ( p / P ) ] ,  the 
fraction achieved quickly after scram of  the initial reactor steady-state power.? 
This behavior is shown in Fig. 6.3. For water-cooled reactors the normal 
requirement for shutdown margin is based on the reactivity appropriate t o  the 
hot, “at power” core at some degree of fuel burnup. In the design of the control 
system, the so-called stuck-rod criterion must be considered; i.e., it must be 
possible to render the reactor subcritical with some specified number of control 
rods stuck in the fully withdrawn position. 

6.42 Typical reactivity-inventory specifications for boiling-water and 
pressurized-water reactors are given in Table 6.1. Although the total worth of 
the control elements in each reactor is approximately the same, an important 
difference is the use of chemical shim in the pressurized-water system. With this 
concept the reactivity that must be controlled by movable control rods can be 
reduced significantly. A soluble absorber, such as boron, provides a uniformly 
distributed poison that avoids the local flux depressions produced by rods. 
Boron also has the characteristic of being depleted by reaction with the neutron 

*Here “clean” refers to the initial value for the fuel concentration generally with no 
fission products present. In critical experiments “clean” refers to a simplified geometry in 
analytical representation. 

?This relation corresponds to the stable-neutron-density level after a step reactivity 
change, which can be expressed as 

0 ‘ ITp n no-- e 
0 - P  

where no is the initial level and T p  is the stable period.’ * 
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Fig. 6.3 Decay of reactor power from the steady state after an instantaneous 
reduction to  reactivity p.  The value n / n O  is the ratio of the power to the 
steady-state power before shutdown. The initial power decrease is not 
instantaneous as implied by the figure but appears instantaneous because of 
the rather coarse tiine scale. 

flux, similar to  that c.f fuel. The resulting loss of poisoning effect, therefore, 
tends to compensate for the loss of fissile atoms during fuel burnup, as is 
desirable during shim control. In practice, however, this depletion tendency does 
not play a strong role in controlling the reactor, since the amount of water in the 
reactor core a t  one time is a small fraction of the total primary-system water 
with a resulting large inertia t o  change. The chemical-shim control system 
includes provisions for adjusting the boron concentration as needed for control 
purposes. 

6.43 Soluble absorbers cannot be employed for rapid reactivity variations. 
Control-rod elements inust therefore be used for the power variation caused by 
Doppler broadening, l'or changes in the core average coolant temperature, and 
for a shutdown margin at hot conditions. 
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TABLE 6.1 

Typical Reactivity-Inventory Specifications 

Reactivity ( p )  

Control characteristics BWR PWR 

Excess multiplication of clean 
core (uncontrolled): 

At 68'F 
At operating condition (clean) 
At operating condition (xenon and 

samarium equilibrium) 
Worth of control rods 
Worth of borated control curtains 
Total worth of soluble poison 
Total worth of control 

0.25 0.293 
0.248 
0.1 81 

-0.17 -0.07 
-0.12 None 
None -0.25 

-0.29 -0.32 

6.44 In a boiling-water reactor, borated control curtains with about 12% 
reactivity worth are installed in the core until an equilibrium fuel-cycle 
condition is achieved. Under equilibrium conditions the shimming function is 
accomplished by the depleted-fuel fraction. Control elements, inserted from 
below, may also be used for some shimming and for axially shaping the flux in 
combination with the boiling-void distribution (36.48). The effect of the 
control elements on the flux can be partially compensated by fuel pins of 
slightly greater than average enrichment used in the corner of the fuel assembly 
adjacent t o  the control blade. However, in planning such an approach, the 
designer must also consider the effect o f  the water gap when the control 
elements are withdrawn, which would lead t o  an increase in thermal flux a t  the 
outer region of the assembly from the improved moderation in the gap. 

6.45 I t  is important to realize that dissolved boron, movable control rods, 
and the effects of fuel loading and burnup all contribute to  a reactivity 
inventory wliich tends to  change with time and which must be maintained to  
provide both an adequate shutdown margin and sufficient operational maneu- 
verability. 

6.46 Typical values for control requirements for plutonium-fueled fast 
reactor systems are given in Table 6.2. 

This lower percentage Ak/k requirement compared with the requirement for 
a thermal reactor is due primarily to  the relatively high core conversion ratio and 
the large fissile-isotope inventory compared with the amount fissioned per 
exposure cycle. High conversion tends to  replace the fissile atoms as they are 
depleted, and the relatively high enrichment tends to reduce the importance of 
the loss through depletion. The poisoning effect of the fission products 
produced is also less important than in a thermal system because of the high 
fissile inventory and the general tendency for cross sections to be less at higher 

220 SAFETY AND RELATED DESIGN REQUIREMENTS 



neutron energies. Bear in mind, however, that, at least for plutonium-fueled 
systems, the delayed-neutron fraction is less than that for 3 5  U and hence the 
reactivity inventory of '7.4% is equivalent t o  about $21. 

TABLE 6.2 

Control Requirements for Typical 
Fast Reactor System 

Control characteristics Aklk ,  % 

Burnup (equilibrium cycle) 3.1 
Cold t o  hot a t  zero power 0.5 
Zero t o  full power 0.8 
Shut dcl wn margin 2.4 

Total 7.4 

CONTROL METHODS 

6.47 The principal movable control element is the so-called control rod, 
which has several different configurations. A typical boiling-water-reactor 
cruciform-shaped for example, is shown in Figs. 6.4 and 5.7. In a 
boiling-water system, 1:he rods are normally inserted from the bottom of the 
pressure vessel. In contrast, in the rod-cluster control assembly for a pressurized- 
water reactor shown jn Fig. 6.5, small rods are distributed in a number of 
fuel-element assemblie:. The rod drives for a pressurized-water reactor normally 
enter through the top o f  the vessel. 

6.48 The bottom insertion for the boiling-water system is made necessary 
by a liquid-vapor mixture in the upper portion of the core which reduces the 
local reactivity. Poisorl.ing from below therefore produces a more even power 
distribution as well as some flexibility in shaping flux as the zone of voids and 
the partial insertion of the absorbing elements are independently adjusted. Also, 
the bottom insertion prevents interference with the steam-separator and dryer 
equipment above the c ' x e  (Fig. 6.6). The steam-separator assembly is an array of 
standpipes containing vanes that impart a vortex motion t o  the steam-water 
mixture, with centrifugal forces accomplishing the separation. Remaining 
moisture is removed in the steam dryer assembly mounted above the separator. 

6.49 The control-rod-drive system for the bottom-actuated boiling-water 
reactor elements is designed differently from that for the top-mounted 
pressurized-water reactor. Hydraulic drive using water under pressure is used for 
the boiling-water syste.m, as shown in Fig. 6.7. Under emergency conditions the 
system hydraulically drives all control rods into the core to  make the reactor 
subcritical. Normal specifications are for a scram velocity of 5 ft/sec within 30 
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Fig. 6.4 Boiling-water-reactor control rod with cruciform-shaped blade. 
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Fig. 6 .  Pressurized-water reactor rod-cluster control assembly. 
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msec after the start of motion. Each blade therefore performs the dual functions 
of shaping the power distribution during operation as well as being available for 
emergency scram. In a typical design the cruciform blades consist of an array of 
sheathed stainless-steel tubes filled with B 4 C  powder arranged in the core on a 
12-in. pitch. 

6.50 A control-rod-cluster assembly used in one type of pressurized-water 
reactor design is shown in Fig. 6.5. The control rods, distributed withm the fuel 
assembly, are stainless-steel tubes containing a silver-cadmium alloy as the 
absorber material. This design tends to  give more-even power distribution as well 
as more reactivity control per unit weight than cruciform rods because of a 
larger surface t o  volume ratio. In addition, the trend in pressurized-water core 
design has been toward rather large fuel assemblies compared with the needs for 
boiling-water systems. A cruciform system with such large assemblies would tend 
to  perturb the flux excessively. 
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Fig. 6.6 Vessel arrangement of a boiling-water reactor. 
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Fig. 6.7 Basic control-rod-drive system. 

6.5 1 Control-rod-diive designs for pressurized-water reactors generally 
provide for gravity scram action. The drive mechanism may be of several types, 
such as the rack-and-pinion or the magnetic-jack drive. These concepts have been 
used in reactors for many years.' In  the rack-and-pinion drive, the rod is moved 
vertically by a rack driven by a pinion, which, in turn, is driven by a motor 
through a gear box. The so-called magnetic-jack system permits the rod to  move 
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up or down in incremental steps by selectively energizing combinations of 
magnetic coils. 

6.52 Control rods for high-temperature gas-cooled systems are somewhat 
different from those for water reactors. For example, in the Fort St. Vrain 
design,' ' the reactor is controlled by selective movement of 182 control rods, 
which operate in pairs. Each control rod consists of 11 cylindrical absorber 
sections containing a boron carbide-filled graphite compact and connected by a 
central spine t o  form an assembly approximately 16 ft long. The control rods are 
operated by winch-type devices located in the prestressed-concrete reactor-vessel 
(PCRV) (56.179) top head. A pair of control rods is raised or lowered by the 
winding or unwinding of  cables from a duplex drum driven by an electric motor. 
The scram velocity, which is only about 1.25 in./sec, is limited by operation of 
the motor as a generator. Relatively long scram times of about 150 sec are 
justified by the claim that very rapid consequences d o  not result from credible 
accidents, such as those involving loss of the coolant and depressurization. 

PERFORMANCE OF CONTROL SYSTEMS 

6.53 The expected performance of the control system is a very important 
design consideration, particularly from the safety viewpoint. For example, the 
need for redundancy in vital systems depends on the reliability expected. 
Furthermore, once the plant is designed, its inherent safety depends on the 
performance to  be expected from safety-related components and engineered 
safety features (86.166). A typical design iteration is therefore involved. 

6.54 Although this discussion concerns the reliability of control mech- 
anisms, the question is really part of a larger subject dealing with the 
quantitative assessment of  the risks of operating nuclear reactors. Such an 
analysis of both the predicted frequency of failure and the consequences of such 
failures can guide the designer toward a desirable compromise between expensive 
conservatism giving maximum safety and unacceptable risks associated with a 
less costly system. As discussed in 86.101, a mathematical model for a suitable 
treatment is available, but the lack of  sufficient failure data limits the 
application. 

6.55 Since statistically significant experience with large water reactors is 
just being accumulated in the early 197Os, only limited data have been made 
available.' As frequency of  failure experience is obtained and analyzed, 
however, a comprehensive treatment of control-system reliability should be 
possible which will provide valuable guidelines to  the designer. 

6.56 Published operating and safety experience with five power plants" 
provides some design guidance for control-rod systems. Break-in failures 

*The plants examined were Dresden-1, Yankee, Indian Point-1, Humboldt Bay Unit No. 
3 ,  and the Shippingport Atomic Power Station. 
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continued at least 12 t o  18 months after commercial operation began. Failure in 
control-rod systems was generally caused by: 

1 .  Foreign objects o r  material in drive mechanisms or rod channels. 
2. Material deficiencies. 
3. Mechanical connector failures or interferences. 

Although the nature of some of the malfunctions suggested the possibility of 
multiple rod failure, n o  such failure was actually found in the scram mode of 
operation. 

6.57 Real and spurious scrams generally occurred about five times per year. 
A real scram can be defined as one resulting from a monitored parameter 
actually being at or above a design trip point; a spurious scram would include all 
other scram trips, such as those resulting from instrumentation-system mal- 
functions. Although failures have occurred in individual scram circuitry, no 
instances were reported wherein the overall system did not or could not respond. 

6.58 Control systems for newer reactors similar t o  those previously 
described have appropriately been designed conservatively; not only improve- 
ments but also a redundancy of critical subsystems have resulted from 
experiences with the early plants. The designer must therefore treat data 
regarding failures and malfunctions very carefully, recognizing the systems 
nature of the problem and taking advantage of analytical techniques developed 
in the general area of quality assurance (86.225). 

ACCIDENTS AND F I SSI ON-PROD UCT R EL EASE 

IN TR 0 D UC TI 0 N 

6.59 In considering possible accidents and ways to prevent them, the 
reactor designer should appreciate the consequences of the accidents. Normally 
the release of fission products that might affect the surrounding population is a 
major consideration. Although detailed exposure calculations are quite 
complex' 7j' for a preliminary safety analysis, the exposure from the 
radioiodines is normally controlling. That is, if the dosage from the radioiodines 
can be kept within acceptable limits, other radioisotopes normally d o  not cause 
excessive exposure. However, bone-seeking isotopes such as Sr which have 
accumulated over 2 y e m  in cores or parts of cores should also be considered. 
Although the iodines reach a saturation value quickly, some of the bone seekers, 
particularly "Sr, continue to build up  in concentration with exposure for long 
periods of time (Fig. 6.1 1). 

6.60 A number of design considerations, such as siting, containment, and 
engineered safeguards, are very dependent on the parameters associated with 
fission-product release. We shall discuss these parameters, therefore, with 
emphasis on the radioiodines. 
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--1 
THE FISSION PRODUCTS 

6.61 A wide variety of elements are formed in fission, the inasses of which 
tend to  fall in two broad bands, a light group with mass numbers from 80 to 110 
and a heavy group with mass numbers from 125 to 155. Although there are 
some minor differences in the yields froin different fissile isotopes, these may be 
neglected in an analysis of hazards. The fission products are initially unstable 
and decay through several stages by both beta decay and gamma emission. The 
primary concern here, however, is not a detailed representation of all of the 
isotopes, but merely an accounting of the radioactive sources of different types 
which contribute to the dosage that might be received from a cloud of released 
fission products. Methods of determining reactor inventory, fission-product 
transport, and matters related to biological characteristics are therefore 
considered, primarily from the simplified viewpoint generally adequate for 
conceptual design purposes. 

REACTOR FISSION-PRODUCT INVENTORY 

6.62 An inventory of specific fission products in the core fuel after a given 
period of reactor operation is the first step in considering the hazards from a 
possible release. The simultaneous rates of isotope production by fission, 
production by decay of a parent, loss by decay, and loss by neutron capture are 
described by differential equations that lend themselves to  computer solution. 
For a fission-product nuclide, i, the familiar balance equation can be written 
as' 

n 

where Ni = number of atoms per unit volume of fission product of species i 
Nf  = number of fuel atoms per unit volume 
Yi = direct yield from fission of the fission product (CYi = 2) 
Ai = decay constant of fission product 

A, = decay constant, where k indicates the precursor fission product 
uf = effective microscopic fission cross section of the fuel 
ui = effective microscopic absorption cross section of the fission product 
4 =  flux 

i - 1 = fission product leading t o  i under neutron capture 

For some approximate calculations fission products are assigned to  two groups 
according to half-life, and all nuclei in the short-half-life group are assumed to 
decay at once and all nuclei in the long-half-life group are assumed to  be stable. 
The last two terms in Eq. 6.3 then disappear. This permits the independent 
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variable of Eq. 6.3 to be changed from the time, f, to  the flux time 1: @ ( f ) d t ,  
the variable Ji uf @(t) tit, or the fuel burnup, 0, where 

I 

(6.4) 

, 
I 

provided the microscopic cross sections can be assumed constant with time, 
despite changes that will occur as the neutron spectrum shifts with burnup. 

6.63 If the operating time of the reactor has been sufficiently long to build 
up equilibrium concentrations of fission products, a nuclide concentration can 
be determined by setting dNi/dt equal to 0. The equilibrium or saturation value 
therefore serves as a useful reference for charts, such as those of Blomeke and 
Todd, giving the results of rigorous computer calculations of fission-product 
concentrations.20’’ Charted results present three ratios: Ns/N,”, the satura- 
tion values of the isotope in question expressed as a fraction of the initial 
number of atoms of 2 3 5 U  originally present; N,/N,, the fraction of the 
saturation value at  a .Lime 7 of irradiation at a constant flux; and N,,”,, the 
fraction of the shutdown value at cooling time t .  Thus the fission-product 
inventory can be determined by referring to  three charts. Saturation values for 
many isotopes are shown in Figs. 6.8 and 6.9, and a typical N,,”, chart is shown 
in Fig. 6.10. I n  this case 1 3 ’ 1  approaches its saturation value in about one 
month. On the other hand. 90Sr  takes much longer, as shown in Fig. 6.11 and 
Table 6.3. 

6.64 Tabulations of logarithmic constants are frequently used in calculating 
the fraction of the shutdown value that remains at  various times after shutdown. 
For example, for I I ,  log N,,” = -4.3 1 X 1 O - 7 t  where h is in seconds after 
shutdown. Figure 6.1 ;! is another type of graph giving the total fission-product 
activity as a function of irradiation time and thermal-neutron flux.” Some 
inventory information, similar to  that given in Table 6.3, is also given with AEC 
siting criteria.’ ’ 

6.65 Although fi ssion-product inventory can be determined by hand 
calculations with charts or tabulations as mentioned, it is frequently more 
convenient to  use computer codes, such as ISOGEN, which can handle up to  400 
nuclide species and provide output in atoms, grams, and curies.’ In a practical 
reactor system, the calculation of the inventory is complicated by the effect of a 
fuel-management scheme wherein the core consists of a number of different 
subcores, each having a different irradiation history. In addition, the isotopic 
spatial distribution in the core depends on the time-integrated power distri- 
bution. The integrated nuclear-reaction rates also depend on neutron-energy- 
spectrum effects. These complications can normally be accommodated within 
the accuracy required for safety calculations by the use of such computer codes 
as ISOGEN. Inventory calculations also provide a basis for determining the 
magnitude and distribution of decay power as part of a loss-of-coolant analysis 
( 36.1 20). 
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Fig. 6.10 Fraction of saturation value of 8.05-day I 3 ’ I  as a function of 
irradiation time and flux. 

NATURE OF FISSION-PRODUCT HAZARDS 

6.66 The biological hazards of the fission products are of different types. In 
a release to the atmosphere, the most important hazards are the direct radiation 
from the “cloud” and the inhalation of radioiodine. Other internal effects, 
however, are worthy of consideration. Therefore we shall subdivide the fission 
products into those which affect the bones, thyroid, kidney, and muscles. 
Another important effect of a fission-product release is that deposited 
radioactive inaterials may directly contaminate foodstuffs or be incorporated 
into the nutrients of a food chain. Primary consideration here, however, is given 
to  direct ingestion. 

6.67 Sinall amounts of ingested material can cause considerable damage 
since the source of the radiation is very close to the exposed tissues and 
exposure can be for long periods of time. Alpha and beta emitters, which are not 
particularly hazardous when outside the body, are very dangerous when ingested 
since the emitted particles tend to dissipate all their energy within a small 
volume of tissue. 

6.68 Important parameters are therefore the mass that enters the blood 
stream, the radioactive decay rate, the tendency of  the isotope to  concentrate in 
specific sites once it enters the blood stream, and the length of time the isotope 
is retained at the site. Such concentration is a result of the normal metabolic 
processes of the body followed by natural inactive isotopes. Iodine, for example, 
concentrates in the thyroid gland, and calcium-like elements are deposited in the 
bone. 
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Fig. 6.11 Fractiom of saturation value of 28-year ”Sr as a function of 
irradiation time and flux. 

6.69 One of the preceding parameters, the length of time an isotope 
remains in the body, is dependent on  the isotope’s “biological half-time,’’ which 
is the time required for the isotope to decrease to half its initial value through 
elimination by natural processes. A combination of the radioactive half-life and 
biological half-time gives the “effective half-life,” defined as the time required 
for the amount of a specified radioactive isotope in the body to  fall to  half its 
original value as a result of both radioactive decay and natural elimination 
(56.75). 

6.70 Isotopes representing the greatest potential internal hazard are 
therefore those with ri:latively short radioactive half-lives (high rate of emission) 
and comparatively long biological half-times. The iodine biological half-time 
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TABLE 6.3 

Internal Dosage of Fission Products* 

Reactor inventory, 
curies/kw 

Radioactive Effective 
half-life Yield, half-life (T), D, 

days mrems/i.lc At 400  days At  equilibrium ( T,) "/o fa 1sotopet 

Bone 
50.5 days 
27.1 years 
57.5 days 
282 days 

4.8 0.28 
5.9 0.12 
5.9 0.19 
6.1 0.075 

50  
6400 

58  
24 3 

413 
44,200 

337 
1.210 

43.4 

5 3.2 
34.7 

1.45 
43.6 
53.6 
53.6 
55.4 

Thyroid 
1 3 I I  

1 3 2 ,  

1 331 

8.1 days 
2.4 hr 
20.5 hr 
52.5 inin 
6.68 hr 

2.9 0.23 
4.4 0.23 
6.5 0.23 
7.6 0.23 
5.9 0.23 

7.6 
0.097 
0.87 
0.036 
0.28 

1,484 
54 

399 
25 

124 

26.3 
40.0 
59.0 
69.0 
5 3.6 

26.3 
40.0 
59.0 
69.0 
53.6 

1341 
1 3 S 1  

Kidney 
1 0 3 R U _ ~ 0 3 m R h  

I z9mTe-129 
L06Ru.I  0 6 K h  

Tc 

137cs.137mBa 
Muscle 

6.9 
65 
46 

26.3 
1.8 
9. I 

26.3 
3.5 
9.1 

39.8 days 
1 .O year 
33.5 days 

2.9 0.01 
0.38 0.01 
1 .0 0.02 

13.3 
19 
10.4 

53.6 33 years 5.9 0.36 17 8.6 I .2 

*Adapted froinT. H. Burnett ,  Niicl. Sci. Eng ,  2 :  382-393 (1957). 
t M a r s  number with ,n refers to mcrustable isoiner. 
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IRRADIATION TIME ( r ) ,  sec 

Fig. 6.12 Buildup of total fission-product activity with irradiation time and 
thermal-neutron flux. 

- 

varies considerably anicing individuals but averages about 90 days. Since ’ ’ I has 
a radioactive half-life of 8 days, it remains in the thyroid gland during essentially 
all of its radioactive life. 

6.71 Strontium and barium, fission products that are similar to  calcium 
chemically, are deposited in bone tissue. Stront ium90 is a “bone seeker” of 
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particular concern since it remains in the skeleton for a long time (Table 6.3), 
decays (0.54-Mev beta emission) to  9 0 Y ,  which, in turn, emits 2.27-Mev beta 
particles. Another dangerous bone seeker, though neither a fission product nor a 
short-half-life isotope, is plutonium. Plutoniuin-239, an alpha-emitting isotope, 
has a radioactive half-life of 24,000 years as well as a biological half-time of 
about 200 years. Consequently, once it is deposited in the body, mainly on 
certain surfaces of the bone, the amount of plutonium present and its activity 
decrease at a very slow ratc. I n  spite of their short range in the body, the 
continued action of alpha particles over a period of years can cause significant 
i 1i.i 11 r y . 

6.72 Materials that do not gain access to  tlie blood stream are normally not 
of great concern, at least to  design. Particle size, which affects the ability of the 
nose to filter o u t  the material, arid solubility are therefore iinportant parameters. 
On the other hand, evidence indicates that about 10% of inlialed plutonium 
remains in tlie lungs arid bronchial lymph nodes. 

6.73 The subject of biological effects of radiation is much inore compli- 
cated than indicated by the preceding very simplified orientation treatment. 
Many isotopes, with their own decay schemes, particle energetics, and chemical, 
physical, and biological behavior, are involved. An analysis for a preliminary 
safety evaluation provides a picture of biological effects which is detailed only 
enough to establish design conditions. 

INHA LA TION DOSAGE 

6.74 Although the hazard downwind from a fission-product release consists 
of direct radiation from the cloud and inhalation of isotopes of such elements as 
iodine and strontium, the controlling factor is normally assumed to  be 
radioiodine inhalation. We shall therefore consider a calculation of the inhalation 
dosage.24 

6.75 Assume that the inhalation intake in microcuries can be expressed as 

I = BQt 

where t = exposure time (sec) 
Q = average concentration (pc/m3) 
B = breathing rate (m3/sec) 

If a breathing rate for moderate activity of 3 0  liters/min is assumed, B = 5 X 
in3/scc and the amount inhaled (in microcuries) would be 

I = 5 x at (6.6) 

The total internal exposure (in rems) to a body organ can be expressed as  

236 SAFETY A N D  RELATED DESIGN REQUIREMENTS 



where rn = mass of body organ (g) 
f, = fraction of inhaled inaterial residing in organ 

E, = energy absorbed in the organ (Mev) 
N = factor accour>.ting for localized deposition 
T = effective half.-life (days) 

I = amount of inhaled inaterial (pc) 

RBE = relative biological effectiveness t o  convert dose units from rads to 
rems 

The effective half-life in days is 

where Tf is the biological half-life and T, is the radioactive half-life. 
6.76 Exposure values for most fission products of interest have been 

calculated, and some are given in Table 6.3. The isotopes are grouped according 
to the critical organs they affect with energy values for the particular organ. A 
single inhalation of 1 pc of the respective isotope is assumed in the calculation of 
the D value. Table 6.3 also gives typical reactor-inventory values. The potential 
hazard in a release therefore depends on the product of the D value and the 
inventory. Radiation limits are discussed in 56.78. 

6.77 Under accident conditions, however, the relative release and transport 
of the isotopes from the inventory may vary widely ($6.83). Solids, for 
example, depend on such matters as particle size, the possibility of chemical 
action or absorption by sprays in the containment, and, in fact, general physical 
and  chemical propcrtie:;. I n  addition, the more volatile fission products would be 
released to a greater extent than other equally hazardous but more stable 
elements, such as strontium. On the other hand, considering standard fraction- 
release assumptions 01’ 1% bone seekers and 25% iodine,22 the controlling 
hazard can s h f t  from iodine to  the bone seekers as the fuel exposure time is 
lengthened, as shown” in Fig. 6.13. The relative concentrations at  a point of 
exposure, however, are very dependent on the nature of the release and possible 
removal patterns during transport. 

Radiation Limits 

6.78 As is true foi handling certain industrial chemicals or other potentially 
harmful activities or agents that are part of our accepted industrial society, 
standards are necessary for the use of radiation so that harmful effects will be 
minimized. In the United States after World War 11, the National Committee on 
Radiation Protection and Measurements (NCRP) was organized with representa- 
tives from professional societies and governmental agencies, as well as individual 
experts. The reconmendations developed by this group have served as the basis 
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for most radiation-protection programs and, later, for rules and codes adopted 
by the various regulatory agencies in the United States. 

6.79 Exhaustive studies have produced the recorninendations listed in Table 
6.4. It is important to remember that these are intended as limits and not as 
design criteria. In fact, the recommendations call for exposures to be kept “at 
the lowest practicable level” for each particular set of circumstances. The role of 
radiation limits in reactor siting is considered in 56.94 et  seq. 

FISSION-PRODUCT TRANSPORT 

6.80 Biological effects of released fission products depend on their being 
inhaled or acting as radiation sources at some location away from the reactor 
and near the exposed subjects. As a result, the nature and rate of the release and 
transport of the fission products from the point of release to the exposure 
location is an important link in the chain of‘ events to be analyzed in considering 
the consequences of possible accidents, both as part of a safety evaluation and 
as a guide to design. We shall therefore discuss the parameters affecting 
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1. Thyroid dosage: 300 rems = 1 
2 Bone dosage: 25 rems = 1 
3. 2596 iodine available for leakage 
4. 1 %  bone seekers available for leakage 
5. No decay assumed (short time of  exposure) 
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FUEL EXPOSURE TIME IN REACTOR, days 

Fig. 6.1 3 Relative hazards of fission-product release. 
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TABLE 6.4 

NCRP Radiation Dose Limits 

__ 
Category Value 

Maximum permissible dost: equivalent for 
occupational exposure 

Retrospective annual limit 
Long-term accumulation 

Combined whole-body occupational exposure 

Skin 
Hands 
Forearms 
Other organs. tissues, an’i organ systems 
Fertile women (with respect to  fetus) 

Dose limits for the public, or occasionally 
exposed individuals 

Individual or occasional 
Students 

Population-group dose limits* (ford 
exposure from “man-made” radiation above 
and in addition to natural background 
which averages about 0 .1  rem per year) 

Genetic 
Somatic 

Emergency dose limits (life saving) 
Individual (older than 4.5 years if  

Hands and forearms 
possible) 

Emergency dose limits (leis urgent) 
Individual 
Hands and forearms 

Family of radioactive patients 
Individual (under age 4:1) 
Individual (over age 45)  

5 rems in any one year 
10 to  15 rems in any one year 
(Age - 18) X 5 rems 
15 rems in any one year 
75 rems in any one year (25/quarter) 
30 rems in any one year (lO/quarter) 
15 rems in any one year (5/quarter) 
0.5 rem in gestation period 

0.5 rem in any one year 
0.1 rem in any one year 

0.17 rem average per year 
0.17 rem average per year 

100 rems 
200 rems, additional 

(300 rems, total) 

25 rems 
100 rems, total 

0.5 rem in any one year 
5 rems in any one year 

~ 

*Average for population group is intended to ensure that no individual exposure 
exceeds 0.5 rem/year. 

fission-product release and transport to gain background for treating accident 
possibilities. 

6.81 The release and transport of fission products following an accident 
depend largely on the nature of the accident. For example, a simple rupture of 
the cladding in a ceranic-fueled system from a fuel-assembly-handling accident is 
likely to release only the accumulated fission-product gases. On the other hand, 
a hypothetical accidertt in which all coolant is lost and some cf  the engineered 
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FILTERS 
-vW- + 

safety features do  not operate might lead to  melting and partial vaporization of 
tlie fuel with tlie release of  essentially all the fission products. Even should this 
be the case, “back-up” design features prevent release to  tlie public. In the 
analysis of tlie transport, the behavior of accident-released fission-product iodine 
is complex and quite dependent on the exact nature of  the accident. The release 
is by no  means instantaneous. Steps such as diffusion through the lattice of a 
ceramic fuel. iiiass transfer through a boundary-layer-type concentration 
gradient neal- a phase boundary in a molten fuel, and gas-phase diffusion all have 
definite transport rates that lend themselves to  calculation, provided a 
reasonably descriptive model can be formulated. Tlie development of such a 
model, which may be simplified or sophisticated, depending on the needs and 
the information available, is therefore the first step in an analysis. A simple 
approach is generally adequate for design purposes since the range of  uncertainty 
can be Iiinited because tlie rnaxinium fission-product level to be considered is 
equal to  that in the fuel inventory. 

6.82 Even for a fairly simplified model, however, a number of process steps 
are involved, sonie with different transport paths. A simplified schematic-flow 
representation is shown in Fig. 6.14. Tlie initial containment can be considered 

RELEASE I 
SECONDARY 
CONTAINMENT 7 1 LEAKAGE 

PRIMARY 
CONTAINMENT 

VENTING + 
IlTlAL 
INTAINMENT 

VENTING 

RELEASE -I- 
# \  I 

ABSORPTION 
AND FALLOUT 

ABSORPTION AND FALLOUT 

ABSORPTION AND FALLOUT 
i t t t 

STACK 

FALLOUT AND 
PR ECI PI TATlON 

Fig. 6.14 Fission-product transport within containment. 
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as the cladding on a ceramic fuel pin, the primary containment as the coolant 
system, and the secondary containinen t as an outer pressure container. I n  each 
process the deposition and absorption of fission products is possible. Further- 
more, the rates involved depend on numerous parameters. A controlled leakage 
or venting is indicated between initial and priiiiai-y and between primary and 
secondary barriers. This means merely that the design provides for some leakage 
and includes cleanup devices to prevent release of radioactivity from the stack. 
The designer may provide inethods for controlling the activity i n  the event of an 
accident causing failure of one or more of the containment shells: these are 
considered and described in Eiigineered Safety Features mid Sitirig ( #  36.166 et 
seq.). The process possibilities, including rate-dependent steps, remain essentially 
unchanged, however. 4 n  evaluation of the effects of the release on the 
surroundings should 1 he outer containment fail.  as desirable for a design 
iteration, also depends on the competing rate-dependent steps, including the 
effects of coun terineasurcs. 

6.83 Even if attcnrion is centered on the behavior of the iodine isotopes as 
a simplification, a description of the transport processes occurring from the 
point of release from the fuel to leakage from the outermost containment still 
involves a large number of variables. For example, the fission products, which 
may include fine particulate matter, arc transported by liquids, gases, or 
two-phase inixturcs encountered along the path. The relative transport by such 
fluids and possible deposition on interior surfaces is very dependent on the 
physicaI and chemical form. Since iodine may have particularly varying 
characteristics that affect both adsorption and desorption rates on surfaces, an 
analytical description cif transport and deposition becomes quite complicated. 
An analysis of iodine transport should include, of course, the effects of core and 
containment sprays (56.186) that should activate during accidcnt conditions. 

6.84 Since fission products released from failed fuel elements but held 
within the primary containment constitute no hazard to the general public, 
accident analysis is nc~rmally confined to possible situations releasing fission 
products into the secortdary containment, either directly or from failure of the 
primary containment system. Exposure of the public is therefore due to  known 
allowable leakage rates for the secondary containment or the possible failure of 
such containment. 

6.85 For such safety evaluation as that for licensing, the transport picture 
can be further simplified by making “conservative” assumptions that have been 
standardized.” I t  may be assumed, for example, that fission products are 
released from the core into the containment atmosphere with no credit taken for 
the preventive action of such engineered safety features as sprays and air 
cleaners. The containment concentration available for leakage to the environ- 
ment may then be assumed as 100% of the noble gases, 50% of the halogens,* and 

*An assumed release clf 25% of the radioactive iodine inventory is suggested in several 
safety guides (86.246). 
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1.0% of the solids. Such a release model is often called “a TID-14844 accident 
assumption.” The containment may then be considered a fission-product source 
on the basis of the leakage specifications, which are normally 0.1 to 0.5% of the 
containment volume per day at standard conditions and at design pressure for 
light-water reactors. 

6.86 As better models of  fission-product transport within the containment 
become possible, more-sophisticated predictions will probably replace the 
preceding simplified release assumptions, with reduced concentrations likely 
through the action of engineered safety features. Computer codes,26 such as 
EXDOSE, are available for calculating dosage from airborne fission products and 
for generating the fission-product inventory as a function of flux and time as 
well as providing for transport plate-out and filtration within the containment. 
Thus release and transport knowledge currently available’ can be used to carry 
out a quick exposure evaluation. 

ATMOSPHERIC DISPERSION 

6.87 The next stage in the transport of released fission products is from a 
source outside of the reactor containment, such as from the top o f a  stack to a 
receptor at a so-called exposure point. Since the exposure depends on the 
concentration at this point, atmospheric-diffusion parameters affecting the 
transport and, in turn, the concentration must be considered. Tlie meteoro- 
logical principles that apply are described in a substantial body of literature.2s 
The simple dispersion model described in the following paragraphs. however, is 
useful for many safety evaluations that permit order-of-magnitude estimates. 

6.88 Attention is norinally restricted to  radioactivity released within several 
hundred feet of the ground and receptors within a few miles of the source. Tlie 
behavior of the lowest layer of the atmosphere is therefore of primary interest. 
Let us consider a continuous point source which generates a smokelike plume 
that is carried along by the wind but is subject to dispersion by atmospheric 
turbulence as  shown in Fig. 6.15. 

Fig. 6.1 5 Atmospheric dispersion model. 
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6.89 A basic equation for dispersion from continuous point sources is the 
so-called “generalized Gaussian plume formula,” or the bivariate normal mode 
dispersion equation:*2 

where ,y = ground-level air  concentration (curies/ni3) 
Q = source strength (curiesjsec) 
U= average wind speed along x-axis (ni/sec) 
h = height of the source above the ground (111) 

y = lateral (crosswind) distance of the receptor froin the plume axis (In) 

uJ, = standard deviation of the cloud center-line concentration in the 

uz = standard deviation of the cloud center-line concentration in the 
horizontal direction 

vertical direction 

6.90 The extent of diffusion, expressed by uv and uz,  can be determined 
experimentally. Value: are given in Figs. 6.16 and 6.17 for six meteorological 
categories, described in Table 6.5, as suggested by P a ~ q u i l l . ~ ~  

Among the various conditions, category F is the most conservative for 
safety analysis since i t  yields the least diffusioii and the highest concentration. 
Calculation results for a variety of conditions can be obtained from charts such 
as Fig. 6.18. where the quantity U (x/Q) is shown as a function of distance from 
the source for a given source height. The concentration from a stack reaches a 
peak s a n e  distance downwind, depending on the weather condition, as might be 
expected from the plume behavior shown in Fig. 6.15. 

6.91 

Volume Source 

6.92 Equation 6.9 should be modified for the effect of a volume source in 
determining atmospheric dispersion from the possible emission of airborne 
radioactive material through leaks in  a reactor-containment structure. The source 
material is assumed to be distributed uniformly throughout the volume of the 
building enclosing the reactor with the enclosure designed to  have, at most, some 
specified leakage rate under the postulated accident conditions. The source 
strength, Q, is therefore defined, but the leak can be considered as distributed. 

6.93 Since a reactor building must have a turbulent wake in its lee, it has 
been generally assumed that any material escaping from the containment 
building would be dispersed rapidly into a volume proportional to  the product 
of the building cross-sectional area and the wind speed. Although various 
treatments have been suggested for this effect involving modification of Eq. 6.9, 

*This general formul;: tion can be made equivalent to the Sutton and Pasquill relations 
with differences prirwrily in the use of constants and the application involved. 
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DISTANCE FROM SOURCE, m 

Fig. 6.16 Lateral diffusion, u,,, vs. downwind distance from source for 
Pasquill’s turbulence types. 

a simplified approach involving a virtual point source is often adequate for 
preliminary safety studies. In this method an imaginary point source upwind of 
the containment building is defined so that the Gaussian plume produced would 
have a width equal to that of the building at  its actual location. 

Example * 

Consider a 1060-Mw(e) pressurized-water reactor [ 3250 Mw(t)] with a con- 
tainment vessel consisting of a 140-ft-diameter cylinder topped with a hemi- 
sphere dome. The top of the dome is 172 ft above grade. and the bottom of the 

*This example is intended for instructional purposes as a simplified illustration of the 
use of Eq. 6.9. I t  is iiof representative of design practice. 
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DISTANCE FROM SOURCE, m 

Fig. 6.17 Vertical diffusion, uz, vs. downwind distance from source for 
Pasquill's turbulen'x types. 

containment vessel is 26  ft below grade. Assume that, owing to a hypothetical 
accident, 50% of the core dose equivalent* halogen inventory of 1.5 1 X I O 8  
curies of 1 3 1 1  is rrleased immediately into the containment and that a 
containment leak rate of 0.1% per day applies. The closest approach to the plant 
site boundary is about 800 in. Estimate the 2-hr thyroid inhalation dose in rems 
at  t h s  exclusion distance. 

Assume a virtual point source 680 in upwind of the center of the 
containment. The weather is moderately stable. 

*Initial I 3 l I  inventory is multiplied by factor of 1.88 to account for contribution of 
other iodine and tellurium isotopes. 
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TABLE 6.5 
Meteorological Categories* 

Surface wind 
speed, - 

Daytime insolation Thin overcast 
or > "/, 31/, 

nilsec Strong Moderate Slight cloudiness cloudiness 

<2 A A- B B 
2 A-U u c E 
4 B B-C C D E 

>6 C D D D D 
6 C C-D D D D 

*A,  estreinelp unstable conditions: B ,  inoderately unstable conditions; C,  slightly 
unstdble conditions, D ,  neutral conditions (applicable to heavy overcast, day or night); E ,  
slightly stiiblc conditions; and F,  moderately stable conditions. 

1 0 . ~  
I I I I I I  Il 

A Extremely unstable 
B Moderately unstable 
C Slightly unstable 
D Neutral I 
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102 1 o3 1 o4 1 o5 

x ,  m 

Fig. 6.18 Values of I I  &/Q) as a function of downwind distance, x, foi 
various types of weather. Source at surface; h,  30 in. 
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The source strength is 

(0.50)(0.001)(1.51 X I O 8 )  = 7.55 X IO4  curies/day 

or 

7’55 ’ O4 = 0.875 curies/sec 
“‘(24 X 3600) 

Other parameters are u,, = 55 in  (Fig. 6 . 1 6 , ~  = 1480 111, moderately stable) 
u;;: = 19 in (Fig. 6.17) 
ii = 2 ni/sec (Table 6.5) 
j’ = 0 
lz = 86 ft. or 26.2 111 

Applying Eq. 6.9 yields 

D = 1.484 reins/pc f o r  I (Table 6.4) 

Iii1ialation rate = 5 x i l l3  isec 

Two-hour dose =(5.15 X 10-5)(2)(3600)(5 X 10-4)(1.484 X I O 6 )  

= 274 reins 

Note that no source reduction through the operation of core sprays has been 
assumed. In a inore realistic model, a time-dependent leakage source would be 
calculated considering, the combined dynamic processes of spray cleanup, 
plate-out, conversion to methyl iodide, arid desorption of rncthyl iodide. Typical 
results for this type problem would then be of the order of 20 rems. 

EXPOSURE CUI TERIA 

6.94 Once the isotopic composition at a given point is established, the 
inhalation dose can be calculated. The consequences of such inhalation are then 
evaluated by coinparing the dose with some reference criteria for conditions that 
would result in negligible injury. Since the question of what may constitute an 
acceptable risk in radiation injury is subject to  some interpretation, guidelines 
established by the authorities are helpful to  the designer. 
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6.95 The two principal guidelines published by the USAEC for evaluating 
design, safety, and site relations are IOCFR20 (Title 10, Code of Federal 
Regulations, Part 20) and 10CFRl00.  The former sets forth normal operating 
requirements, and the latter covers abnormal (accident) operations occurrences.* 
The guideline l0CFRl 00, when used with AEC publication2* TID- 14844, 
suggests dose-distance relations used to  determine the safe distance at which a 
nuclear plant of a given size should be located froin a population center and 
froin a low population zone. I t  also establishes a circumferential distance called 
the exclusion area, within which the licensee has the authority to determine all 
activities. The area can be traversed by a highway and nonreactor activities 
permitted, provided arrangements are made to  control the area in  an emergency. 
Section 1 OCFR20 establishes guidelines that limit the maximum permissible 
releases of radioactive material to the environment froin a nuclear facility. I t  also 
specifies allowable doses of radioactivity for operations, as well as nonopera- 
tions, personnel. 

6.96 Different exposure criteria apply to each of the three zones 
considered. Within the exclusion area, consideration is given to  the radiation 
worker who accepts a certain hazard connected with his job which would not be 
appropriate to apply to thc general public. Current guidelines provide that an 
individual located on the boiitzdary of the exclusion area for a period of 2 hr 
after an accidental fission-product release should not receive more than 25 rems 
whole-body radiation and 300 reins to the thyroid from iodines. In an example 
given, a breathing rate characteristic of the active portion of a working day is 
assumed equal to 3.47 X in3/sec. This contrasts with an average breathing 
rate of 2.32 X 

6.97 In the low population zone, “appropriate” measures could be taken 
on behalf of the people in the event of a serious accident. A person at  the outer 
boundary is assumed to be exposed to  n o  greater than 25 reins of whole-body 
and 300 rems of  thyroid radiation from a radioactive cloud from a release during 
rke entire period of its passuge. For initial calculations of integrated thyroid dose, 
a 30-day exposure may be assumed. 

6.98 As. an alternate to accepting the standard 50% halogen release, the 
effect of various engineered safeguards in reducing the level may be considered. 
Sprays and filters, for example, could give dose-reduction factors as high as 

Offsite exposure could then be calculated by using the specified 
containment leakage as a point source, as before. Such considerations appear 
particularly desirable as sites for large reactors with large exclusion areas and low 
population areas surrounding them become harder and harder to find. Also, 
accidental-release criteria are quite different from et.lvirotzmerztul-dose considera- 
tions concerned with normal day-to-day exposures from radionuclides in the 
environinen t of operating f a ~ i l i t i e s . ~  ’ 

in3/sec for a person in the low population zone. 

*Further explanation of federal-regulation terminology is given in 5 6.246. 
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6.99 Environmental standards for all types of plant effluents are prescribed 
in 10CFR20. Standards that apply beyond the boundary of an exclusion area to 
the population at large as indicated in Table 6.4 are generally 10% of the 
maximum-permissible-c oncentration values that apply for the continuous ex- 
posure of the radiation worker. Since dilution normally occurs beyond the 
boundary, large population groups are not  likely to be exposed to such values as 
the 170 mrem/year limit. Furthermore, most designs provide for effluent 
concentrations far below prescribed limits. However, the designer should keep in 
mind that environmental effects from nuclear power plants have produced some 
controversy, with doubts expressed about the adequacy of emission  standard^.^ 
In fact, because of such controversy, some utilities have agreed to  site-boundary 
exposure limits substantially below the standard maximum values given in Table 
6.4. Recommended design guidelines for annual average boundary exposure rates 
are < I  0 mrems for noble gases and <S mrems for iodines. 

6.100 Accidental-exposure criteria for large population centers cannot be 
defined by simple man-dose guidelines since it is not reasonable to  assume that a 
dosage level much higher than background can really be acceptable to the public. 
In an attempt to quantify the question, however, the trade-off between the 
probability of an accident that causes a release and the consequences of the 
release has been considered3 This entire matter is relevant to reactor-plant 
siting practices and is discussed in 3 $6.102, 6.103, and 6.193. 

ACCIDENT MODELS AND FISSION PRODUCTS 

6.101 The amount of fission products that can be accidentally released can 
be used as one incnsurt: of the severity of an accident. For example, Beattie,34 
relating a release of I O 4  curies of iodine activity to  a reference 4 X lo6 person 
population center within a 10-mile radius, obtained a total dosage of 2.2 X I O 6  
man-rems, which would be likely to  cause 3 3  cases of  thyroid cancer compared 
with a natural incidence of 72 cases per year. 

assumed that a release of “a few thousand curies” might 
reasonably occur oncc: during I O 3  reactor years of operation, or 1.5 X l o 4  
reactor years for the 104-curie release. If there is one reactor on a site, the 
equivalent casualty rate is then 0.002 case per year. This approach was used for a 
release-criterion curve, such as that in Fig. 6.19. 

6.103 A systems approach that considers accident sequences that may take 
several paths ($6.226) can be used to determine a probability of failure for a 
spectrum of accident possibilities. If an iodine release can be related to  each 
accident possibility studied, the results can be plotted in probability- 
consequence space, as shown in Fig. 6.19. A boundary line representing points 
with units of curies per year is then established, separating an area of 
conservative design uiteria a t  the lower left from an area of unacceptable 
hazards in the upper tight. The line shown, a first attempt a t  such a standard, 
considers that a large release, even if rare, is probably less acceptable than a small 
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Fig. 6 .  I9 Proposed release criterion. 

release on an equal curie per year basis. This approach may therefore be used to 
provide guidelines for the engineered safety features that may be required in the 
design to control both the failure probability and the release. Experience data 
are needed, however, for such a probabilistic me thodology design approach as 
that discussed under Engineered Safety Features and Siting ( 5  56.166 et seq.). 

6.104 A different approach used in the United States and some other 
countries is to classify accidents as either credible or hypothetical. Credible 
accidents are considered within the realm of reasonable possibility and generally 
include the assumption that the safety and control devices in the design will 
indeed operate. In  other words, a single initial failure is assumed. Hypothetical 
accidents are those considered primarily as a basis for design and presumed not 
to be within a reasonable level of  probability. Safety systems are presumed not 
to  operate in the sense that at least two simultaneous independent failures will 
occur. 

6.105 The hypothetical accident normally produces a chain of events with 
such eventual grave consequences as core meltdown and release of fission 
products to the containment and, in turn, the possible subsequent release of 
fission products and perhaps fuel to the outside environment. Such accidents are 
termed design-basis accidents if they provide a reference for designing the 
containment and operating various installed engineered safety features. A 
deterinination of the adequacy of emergency core cooling, blast protection, and 
the specifications for the containment may therefore depend on the analysis of 
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such a hypothetical accident, including calculated consequences such as the 
buildup of high temperatures and pressures from energy release. The design can 
then be tested by studying the fission-product release and transport under 
postulated accident conditions and determining the possible environmental 
exposure levels. 

DESIGN ANALYSIS FOR REACTOR-SAFETY FEATURES 

6.106 The reactoi' design must provide ways to  avoid any serious 
consequences from a large number of relatively minor accidents, a variety of 
malfunctions, and sometimes serious failures. Each of these requires analysis and 
provision in the facili1.y design for the appropriate safeguards. This subject 
includes loss-of-coolant incidents, which serve as design-basis accidents for 
containment for water reactors and for design of associated engineered safety 
features. Such design questions, however, are treated under Engineered Safety 
Features and Si t ing(s6 .166  et  seq.). 

6.107 Although the type of incident and the corresponding counter- 
measures will vary froin one reactor concept t o  another, there is a general 
similarity. A chemical-shimmed pressurized-water reactor will therefore be used 
here for illustration. For this analysis we shall classify abnormal situations that 
will require design provisions as being either operational in origm or due to  
mechanical malfunctions. 

OPERA TIONAL -FAUL T REACT1 VITY INSERTIONS 

6.108 One type of incident results from various deviations from operational 
procedures. Although such incidents are not normally considered as serious 
problems, this is true only because of the various design provisions. Most of 
these provisions are standard design practice that has evolved as the relevant 
technology has developed. We mention here. however, some of the features of 
this area of safety design and analysis so that they will not be taken for granted. 

Uncontrolled Rod Withdrawal from a Subcritical Condition 

6.109 Although a continuous reactivity addition during start-up would 
cause an excursion, the possibility is minimized through strict administrative 
controls backed up by various instrumentation and control devices. Examples of 
such safeguards include: 

1 .  An automatic rod-stop circuit prevents further rod withdrawal should the 
start-up rate measured by several independent channels exceed a predetermined 
value. 
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2. Automatic reactor trip is provided as backup should a start-up rate 
continue to  be excessive. 

3. An automatic-power-level reactor trip is provided to  scram the reactor 
should a predetermined power level, normally set at 'a fraction of full power, be 
exceeded. 

6.1 10 In the extremely unlikely event that these instrumented safety 
features become inoperative and an excursion takes place, the effect of the fuel 
Dopplei coefficient will normally reduce the energy released to  manageable 
levels before an overpressure condition can occur. 

6.111 Analyses can be carried out to  consider the effects of various 
combinations of possibilities.3 ' For example, typical transient behavior for a 
start-up accident at hot, zero-power conditions is shown in Fig. 6.20 for the 
large pressurized-water reactor used as an example. Changes in fuel, cladding, 
and coolant temperatures are shown in response to  a ramp reactivity insertion of 
0.2 X 6k/sec when the initial reactivity is 0.99. Also shown is the bounding 
effect achieved by tripping the reactor when a 1 18% power level is reached. As a 
third possibility, a reactor trip actuated by a high start-up rate completely 
controls the transient. 

6.1 12 I n  the analysis shown in Fig. 6.20, nuclear parameters were assumed 
according to  the following rationale: 

1 .  Initial reactivity. The initial value of reactivity ( k o  = 0.99) is selected 
from the range of expected values so that the greatest energy release will occur 
before any protective measures are taken. 

2. Doppler coefficient. Since the magnitude of the power peak reached 
during the first part of the transient, for any given rate of reactivity insertion, 
strongly depends on the fuel-temperature reactivity coefficient, a ''low'' negative 
design value is used for the start-up accident (0, = - 1  X lo-' 6kl"F).  

3 .  Moderator coefficient. The contribution of the moderator reactivity 
coefficient is negligible during the initial part of the transient because the 
heat-transfer time constant between the fuel and the moderator is much longer 
than the nuclear-flux-response time constant. However, after the initial 
nuclear-flux peak, the succeeding rate of power increase is affected by the 
moderator reactivity coefficient. Accordingly, the most positive expected value 
is assumed for the moderator coefficient since this yields the maximum rate of 
power increase (aw = +1 X 

4. Reactivity insertion rate. For a given set of reactivity coefficients, the 
maximum energy release in the fuel corresponds t o  the maximum rate of 
reactivity insertion; thus the reactivity-insertion rate corresponding to  with- 
drawal of the control-rod group at  the maximum velocity in the region of 
maximum reactivity worth is assumed in the analysis (6klsec = 2 X 

5 .  Reactor trip. The behavior of the reactor is analyzed as though no 
protective trip were actuated until the overpower reactor-trip set point is 
reached. The most adverse combination of instrument and set-point errors, as 
well as delays for trip signal actuation and rod release, is taken into account. 
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Fig. 6.20 Hot start-up temperature transients. 

Also, the rate of negative reactivity insertion corresponding to  the trip action is 
computed based on the assumption that the highest worth rod is stuck in its 
fully withdrawn position. 

Rod Withdrawal a t  Power 

6.113 A somewhat different type of incident occurs in water reactors if the 
control rods are withdrawn while the reactor is at power without a correspond- 
ing increase in the turbine-cycle load. Since the core power and in turn the heat 
flux increase but  heat extraction increases very little, there is a net increase in 
coolant temperature. Unless terminated by instrumentation devices, this power 
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mismatch would result in a critical heat flux or DNB (departure-from-nucleate- 
boiling) condition that would lead to  fuel failure. 

6.1 14 Various automatic features of the reactor instrumentation system 
reduce the probability of this type of incident. Thesc include an overpower stop 
signal to  trip the reactor if power ranges exceed a set point and other trips 
actuated by pressure, power, and temperature conditions. Redundancy is 
provided in each case. Analyses generally consider the effect of varying design 
parameters on the DNB ratio to  determine trip ranges that will minimize DNB 
response. 

Boron Dilution 

6.1 15 In  a chemical-shimmed pressurized-water reactor, it is possible to 
inadvertently increase the reactivity by changing the boron concentration. This 
type of change is very slow, however, and numerous alarms and indications of 
the impending condition provide very adequate opportunity for counter- 
measures. 

Cold-Water Addition 

6.116 The addition of cold water to  the core results in an insertion of 
positive reactivity, the magnitude of which depends on the value of the negative 
moderator coefficient of reactivity. In a chemical-shimmed plant, dissolved boric 
acid reduces the negative moderator coefficient, thereby decreasing the potential 
reactivity insertion resulting from a cool-down. As a result, the most severe 
condition for a cold-water transient exists at the end of core life when the 
coolant system is essentially boron free and the most negative moderator 
coefficient exists. 

6.1 17 Cold water may be inadvertently inserted into a pressurized-water- 
reactor core by the start-up of an inactive loop, the addition of excess cold 
feedwater t o  the steam generators, and a sudden increase in the steam discharge 
from the steam generators. Transients of this type can normally be accommc- 
dated by the reactor control system without a reactor trip resulting. In severe 
cases protection is obtained by reactor trips actuated by overpower or other 
deviations from normal operating conditions. 

MECHANICAL MALFUNCTIONS 

6.118 Possible safety problems caused by mechanical failures or mal- 
functions comprise the second design-analysis category. In addition to  various 
loss-of-coolant conditions, fuel handling and other types of failures are included. 

6.1 19 A coolant loss in the core may result from a “material failure” of a 
pipe or component in the reactor coolant system. Other causes are mechanical 
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malfunctions, such as the improper opening of a valve or valves, allowing 
discharge from the high-pressure coolant system t o  a low-pressure system. 
Accidents are preven;.ed, therefore, by ensuring a very high reliability of 
materials and components, rather than depending on instrumentation and 
control features. Should a failure occur, however, such control features play an 
important role in tripping the reactor and reducing the effects of the accident 
through the operation of “engineered safety features” (86.166). 

6.120 Loss-of-coolant accidents can be divided into three categories: minor 
losses that are compensated by various design features with no serious effect on 
operation; larger bree.ks that would result in reactor trip and for which 
provisions are availatlle for cooling the core; and a design-basis-accident 
double-ended large pipe fracture that could release fission products to the 
containment. 

6.121 For very small leaks or breaks, the coolant loss can be made up by 
the pressurizer level control (Fig, 6.21), which will add makeup coolant. In 
addition, in some systems the refueling water-storage tank can be used for 
supplementary coolant. 

6.122 For larger breaks in which the discharge rate exceeds the ability of 
the charging pumps to  replenish the loss, an initial decrease in pressure is sensed 
by instruments? which initiate the tripping (scramming) of the reactor, the 
closing of various isolation valves, and the safety injection of borated water at 
several points in the c:oolant system, as shown in Fig. 6.21. The possibility of 
core damage depends on the relative size of the break and the capability of the 
countermeasures in preventing an uncovering of the core with a resulting 
temperature transient. An analysis, normally using a digital-computer program 
and considering the various mechanisms involved, is needed to determine the 
extent of the incident. For example, expulsion of the coolant through the break 
is governed by the mechanisms of subcooled flow until the calculated system 
pressure falls t o  saturation at  the mass-average temperature. After saturation is 
reached, two-phase flow through the break is assumed with n o  slip. System 
pressure remains at  saturation level, with flow limited by sonic choking as long 
as the pressure ratio across the break exceeds the critical value for the mixture. 

6.123 One such analysis for a 500-Mw(e) pressurized-water reactor3’ 
determined that neither would cladding burst nor fission products be released 
for a IO-in. break or smaller. In this case the so-called hypothetical design-basis 
accident consists of a double-ended break of a 27.5-in. main loop line. This type 
of accident has been extensively studied and analyzed, consistent with its 
importance in safety design. A brief discussion of the interplay of various 
parameters during the accident is useful here. 

6.124 The loss-of-coolant accident can be considered in terms of a sequence 
r e p r e s e ~ i t a t i o n , ~ ~  as shown in Fig. 6.22. Here the accident is initiated either by a 
reactivity insertion or by failure of the primary system. A reactivity insertion 
causes fuel-cladding failure, pressure-pulse generation, and other large mechani- 
cal effects which induce primary-system failure and subsequent loss of coolant. 
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Accidents are more directly initiated, however, when a crack develops and 
propagates t o  a critical-break size and causes primary-system failure, followed by 
rupture and loss of codant .  In the initial subcooled blowdown step, decom- 
pression may be accompanied by large transient pressure gradients that can 
impose damaging loads on the system. One reason is the different saturation 
pressures caused by the different temperatures in various parts of the coolant 
system. 

REACTOR DESIGN 
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Fig. 6.22 Loss-of-coolant accident sequence. 

6.125 In the subsequent saturated blowdown, flashing into vapor causes 
loss of core-cooling capability. The flow regimes are important in determining 
the emergency core-cooling requirement, and the output of mass and energy 
affect the containment response. 

6.126 As the core begns to  overheat, several processes come into play. 
First, with zirconium and stainless-steel cladding along with steam in the system, 
the potential exists for metal-water reactions, which add another source term to 
the core-heat-up process. Also, hydrogen, a by-product, can burn when released 
into the containment and thus affect the containment pressure. The core heatup 
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can continue and eventually cause cladding melting followed by fuel meltdown. 
Since the melt migrates t o  the bottom of the reactor vessel, primary-system 
melt-through may occur, and the molten mass (about 800 tons of UOz) can 
appear in the containment.* The potential for containment failure a t  this point 
is extremely high. Therefore the first requirement for the emergency core- 
cooling system is to  prevent this chain of events from occurring ~ to  stop core 
heatup before fuel melts and migrates into the containment. 

6.127 Immediately after cladding failure, fission products are released to  
the primary system, from which they are expelled through the break and into 
the containment. The high containment pressure in turn expels these fission 
products into the environment. Engineered safety systems therefore include the 
emergency core-cooling system and the containment heat-removal systems, 
which limit the containment pressurization. by removing energy from the 
containment atmosphere and hence reduce the dissipation of fission products. 
Safety systems, such as Filters within the containment, also control fission- 
product release. These systems are discussed in greater detail in 56.186. 

6.128 The accident sequence can also be divided, as shown in Fig. 6.23, 
into core response, primary-system response, and containment response. First, 
the system rupture occurs with the attendant blowdown. The potential then 
arises for large pressure drops and high fluid velocities which give rise to  
mechanical effects on the core and the remainder of the primary system. Fluid is 
dumped out of the primary system, and what remains flashes t o  steam. As 
shown, the subsequent chain of events begins with cladding and fuel failure and 
ends with failure of the containment. 

6.129 If the interrelations due to  operation of the safety system are 
introduced, the systems analysis becomes more complicated than that indicated 
by Figs. 6.22 and 6.23. The simplified diagrams are useful for designing safety 
systems, howevcr, since they indicate the points in the accident sequence where 
engineered safety systems can (1) reduce the probability of initiation of an 
accident, (2) control the response of the system if the accident is initiated, and 
(3) limit the consequences of an accident if the accident runs its course. 

6.130 In another phase of design, a number of analytical methods and 
computer programs have been developed t o  describe the effects of a loss-of- 
coolant accident under a variety of postulated  situation^.^^ Such studies can be 
compared with experimental work of AEC's LOFT (loss-of-fluid test) 
P r ~ g r a m . ~  A typical blowdown pressure transient is illustrated in Fig. 6.24 for 
a large double-ended break. About 80% of the coolant mass may be lost in the 
first 10 sec after the break, and DNB is reached in about '4 sec. 

*The phrase Chinese Syndrome is sometimes used to describe the possibility that a 
molten core will break through the containment and slowly melt its way downward through 
the earth toward China. 
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Fig. 6.23 Detailed division of the loss-of-coolant accident. 

Loss of Coolant Flow 

6.131 A related problem, normally not affecting public safety but 
important t o  design, is the possibility of a reduction in coolant flow while the 
reactor is a t  power. The resulting decrease in cooling ability could lead to  an 
increase in coolant temperature with DNB exceeded and perhaps a plastic 
deformation of the cladding. 
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6.132 Design features include devices for tripping the reactor which are 
initiated by pump failure, coolant-temperature rise, or other deviations from 
nominal conditions. In addition, flywheel inertia can be provided on the coolant 
pumps t o  provide coast-down flow during the first 10 t o  20 sec after a loss of 
power. Natural circulation of coolant through the core and reactor coolant loops 
should induce sufficient flow after the coast-down is completed to  remove the 
residual heat of the core without damage t o  the fuel or cladding. 

- Experimental 
Predicted -- 

I 

Fig. 6.24 Typical blowdown pressure transient for pressurized-water reactor. 

Fuel-Handling Accidents 

6.133 Since the reactor vessel is open to  the containment during refueling 
operations, fission products released in the core because of an accident would 
quickly be transported into the containment volume. The designer must 
therefore be particularly concerned with potential hazards during this operation 
and provide adequate safeguards. In addition t o  mechanical damage t o  the 
cladding, possible hazards could be 

1. Improper withdrawal of rod-cluster control assemblies. 

2.  Failure t o  maintain subcritical geometry. 

3 .  Failure t o  maintain adequate shielding for personnel. 

4. Failure t o  maintain adequate cooling of fuel assemblies. 

6.134 Inadvertent control-rod withdrawals during head removal and con- 
trol-rod drive-shaft-unlatching operations are prevented by a combination of 
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detailed administrative procedures and alarm devices. In addition, the boron 
concentration of the water in the reactor is increased so that the core will remain 
subcritical even if all the rods are removed. 

6.135 A critical geometry by spent fuel assemblies is avoided by proper 
rack spacing with the use of borated water as an additional safeguard. Hoists and 
manipulators are designed so that fuel assemblies cannot be lifted above a level 
a t  which water shielding would be inadequate. Adequate cooling of fuel during 
underwater handling can be maintained by natural convection. 

6.136 Mechanical damage of fuel assemblies is prevented by various special 
gripping devices and handling fixtures, interlocks that restrict certain operations 
(e.g., the passing of the fuel shipping cask over the spent-fuel storage-rack 
locations), and careful procedures. On the other hand, mechanically initiated 
cladding failure with a subsequent release of fission products is normally one of 
the credible events considered in the preliminary safety analysis report ( 56.248). 
In one such analysis the cladding of a row of 14 fuel rods is assumed t o  breach at 
approximately 90 hr after the reactor is shut down, a minimum period before 
fuel would be  handled. 

Control-Rod-Ejection Accidents 

6.137 Though nc't considered a credible accident, the nuclear excursion 
from the failure of a control-rod-drive housing allowing the control element to 
be rapidly ejected from the core is sometimes analyzed. The reactivity insertion, 
a result of the full system pressure differential acting on the drive shaft, is 
limited by the Doppler reactivity effect and terminated by a reactor trip 
actuated by high-nuclear-power signals. The fuel damage likely from such an 
accident is governed niainly by the peak power attained in the transient, which, 
in turn, depends on the worth of the ejected rod and the power distribution 
attained with the remaining control-rod pattern. 

6.1 38 The preceding incidents are primarily those anticipated for pressur- 
ized-water reactors. Somewhat different incidents are considered by the designer 
of other reactors. The design philosophy involving consideration of many types 
of credible events, careful analysis of the consequences, and necessary ,safeguards 
in the design is appropriate, however. 

r :  ' 

? !  
FAST REACTOR SAFETY CONSIDERATIONS ,. , .  

IN TR 0 D UC TION 

6.139 For protesting the health and safety of the public and ensuring a 
very high level of system reliability, the same basic approach tosafety is used for 
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fast reactor design as for other reactor Fast reactor safety features 
are evaluated by referring t o  analytically predicted consequences of many 
credible and hypothetical events with and without such features as is done for 
light-water reactors. Many of the features are different, of course, as would be 
expected for a different concept. For example, the primary-coolant system for 
sodium-cooled fast reactors is a t  relatively low pressure. Therefore the possibility 
of piping failures receives less emphasis than for light-water reactors. However, 
other phenomena, such as the possibility of very rapid sodium vaporization in 
the coolant channel, are emphasized. 

6.140 A number of safety considerations in fast reactor design are 
sufficiently unique t o  warrant a separate discussion. Because fast reactor 
technology has not yet reached the same stage of commercial development as 
that for water-cooled reactors, we shall confine this discussion to rather broad 
aspects of the design, primarily for background purposes. Primary attention is 
given t o  sodium-cooled fast breeder reactors as a way of limiting the discussion. 
Attention is also focused on ceramic-fueled reactors of about 1000 Mw(e). 

6.141 The design philosophy for nuclear safety in such large sodium-cooled 
fast reactors is still being discussed among designers. In  consideration of the 
safety of fast reactors compared with current-generation thermal water reactors, 
the smaller neutron lifetime, the lower delayed-neutron fraction when p l u t e  
nium is the fuel, and handling problems with sodium are frequently mentioned. 
Though relevant t o  inherent safety, such questions are not directly meaningful 
to  the designer concerned with stability and engineering problems associated 
with accident possibilities and consequences. Fission-product release and 
transport as well as engineered safety features are extremely important, 
particularly since high-burnup fast reactors have a larger fission-product 
inventory than d o  thermal reactors. 

REACTOR-PH YSlCS CONSIDERA TIONS 

6.142 Some basic reactor physics considerations that are special for fast 
reactors are useful for orientation. Although accident analysis is considered 
separately, bear in mind that the analysis of  the propagation of many 
accident-related events important to  the design engineer depends on the 
neutronics of the system. 

6.143 A key to  many physics effects important t o  safety is the neutron 
spectrum and possible spectral changes caused by various events. The hardness of 
the spectrum depends on the neutron leakage and the materials used in the 
reactor. One of the most significant effects, particularly in sodium-cooled cores, 
is the coolant-voiding effect. In large systems tending t o  have small relative 
neutron leakage, a decrease in the coolant density due to  voiding, or even in 
temperature, reduces the inelastic scattering and hence results in a hardened 
spectrum. As the spectrum hardens in dilute P u - * ~ ~ U  systems, an increase in 
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reactivity results primarily from the enhanced fissioning rate in 2 3 8 U  and in 
240Pu.  The spectral influence on reactivity is shown in Fig. 6.25, where the 
relative reactivity worth of a neutron (adjoint flux) increases as the neutron 
energy  increase^.^' Remember that the resulting reactivity effects are spatially 
dependent since influences on the spectrum vary from point to point in the core. 
The detailed analysis of the resulting kinetic behavior required for a safety 
evaluation is therefore quite complicated. 

NEUTRON ENERGY, ev 

Fig. 6.25 Adjoint flus (neutron reactivity worth) for large 2 3 9 P u 0 2 -  
238UO~-fueled  reactors. (Reactors have 70 vel.% sodium. Eff.ect of 240Pu and 
fission products is riot included.) 

Doppler Effect 

6.144 Since ceramic fuel does not provide an effective expansion reactivity 
effect, the primary negative feedback needed for stability is derived from the 
Doppler effect. The Doppler effect (56.20) has an extremely short time 
constant; hence it becomes effective as soon as the temperature of the fuel 
changes. The effect is also larger for cores having a softer spectrum, generally 
true for large-size ceramic-fueled cores containing large quantities of * U. 
Studies of possible fast reactor accidents also show that a strong negative 
Doppler effect tends t o  rapidly quench the large reactivity insertion to a 
below-prompt-critical value before high pressures are likely to  be produced. 
However, under certai:a conditions where there is a large positive reactivity being 
inserted the accident could still proceed to  disassembly, although the Doppler 
effect tends t o  increase markedly the time scale of the accident. The 
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consequences are thus likely to  be less, and there is an opportunity for 
countermeasures to  act. 

Neutron Lifetime 

6.145 Although the neutron lifetime is much shorter in fast reactors than in 
thermal reactors, for systems having a large negative Doppler coefficient, the 
shorter lifetime results primarily in a reduction in the energy release resulting 
from a prompt-critical severe excursion. A short neutron lifetime, for example, 
causes the power to  increase at  a greater rate for a given reactivity insertion with 
an effective early negative-feedback effect. On the other hand, a super-prompt- 
critical burst could take its  course before mechanical control mechanisms had 
time to  act. The picture is therefore not straightforward, particularly if 
oscillatory effects also enter the analysis. 

6.146 The short neutron lifetime does affect many of the kinetics 
considerations and resulting transfer functions. Few control problems are 
introduced, however, as a result of the shorter lifetime. In  general, the relations 
governing the behavior of fast reactors are essentially the same as those applying 
to  thermal reactors. As long as the reactivity insertions d o  not approach prompt 
criticality, the short lifetime has only a negligible effect on the operational 
b e h a ~ i o r . ~  ’ 

SPECIAL CONSIDERATIONS 

6.147 In most fast reactor designs, the higher power density brings with it 
problems of providing shutdown cooling and emergency handling of the 
“afterglow.” Similarly, some of the fission-product species that do not burn out 
can accumulate in rather large concentrations at the high burnup (100,000 
Mwd/tonne) envisioned for the economic operation of  fast breeder reactors. 
Special design approaches, such as the use of vented fuel, therefore, receive 
attention. 

6.148 The vented-fuel design option is a result of the accumulation of 
considerable quantities of gaseous fission products in high-burnup high-power- 
density fuels required for low fuel-cycle costs in fast ceramic reactors. These 
gases must be either retained in the fuel element or released into the coolant. 
Since retention requires either thick cladding or low-density fuel, each leading to 
poor neutron economy, it is economically unattractive. Various devices have 
been proposed t o  permit controlled release of the gaseous fission products t o  the 
coolant.42 Interestingly such venting might actually result in a burden lower in 
fission-product contamination in the coolant than that in a nonvented design if a 
lower rate of pin failure is obtained because of the pressure relief. The lower rate 
of pin failure could reduce the contamination produced when the coolant 
leaches out the solid fission products. However, since vented fuels require 
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development, most designs are nonvented, with an extension of the fuel pin 
above the upper blanket region provided for a gas reservoir. Although this 
arrangement avoids the thick-cladding requirement to  some extent, the 
approximate 5-ft increase in fuel-assembly length is a disadvantage. 

6.149 The ability of the sodium to retain, or “getter,” many of the fission 
products also needs special attention. Although this question is the subject of 
continuing research, there is evidence of significant retention, particularly of 
iodine.42 As a result other isotopes may acquire controlling significance with 
respect to  hazard determination. 

6.150 Despite marly of these special characteristics, the designer of fast 
reactor plants has essentially the same concerns he might have for a thermal 
reactor plant. I t  is important t o  provide for redundancy and fail-safe features of 
the reactor system as well as for component quality and operational surveillance. 
Various malfunctions or fault conditions and the resulting dynamic behavior are 
also considered in the safety analysis. 

FAST REACTOR SAFETY ANAL YSlS 

6.151 As for thermal reactors, the safety analysis of a fast reactor design 
considers various accident situations and the response of the system to them.43 
Of particular interest for sodium-cooled reactors are various coolant-flow- 
reduction possibilities lor reactivity additions which could cause fuel failure. If 
the heat-removal ability of the coolant is impaired without a corresponding 
reduction in core power density, the temperature of the fuel cladding or the 
sodium itself will exceed the sodium saturation temperature. The resulting 
production of sodium vapor and consequent two-phase-flow hydrodynamic 
regime tends to further restrict the coolant and provide a good possibility for 
overheating. The physical properties of sodium tend to  accentuate such vapor 
problems when compared with water systems since the heat of vaporization is 
much less. 

6.152 Various initiating situations for serious accidents and their interplay 
are shown in Fig. 6.26 and can be analyzed by such systems techniques as the 
“fault-tree’’ approach (36.229). A relatively large number of initiating con- 
ditions must be ~ o n s i d e r e d . ~ ~  Such systematic analyses are essential for the 
design of engineered safety features as well as suitable instrumentation t o  detect 
coolant changes and produce reactor scram. Analyses of the so-called core- 
disassembly or meltdown accident considering the effect of parameters on 
energy release and other consequences are also useful in the selection of various 
design  specification^.^ ‘ For example, the Doppler effect can be related with 
energy release and, in turn, containment specifications. Whether or not such an 
accident is credible and should serve as a basis for design is a question of 
safety-design philosophy, however. 
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6.153 In fact, in fast reactor design, the severity of various possible 
accidents has evoked no definitive practices concerning the type of outer 
containment required. For example, studies for a high-leakage core having a 
barely negative sodium-void coefficient show results not very different from 
those for a core having an unspoiled geometry with lower leakage and with a 
somewhat positive void coefficient. Since safety-related research, analyses, and 
discussions are all being studied extensively, the reader should refer t o  the 
current literature for design guidelines. 

Problem Areas 

6.154 Several problem areas have been identified through attempts t o  
describe postulated sodium-cooled fast reactor accidents in ternis of basic 
mechanisms to  guide the designer. For serious core-related accidents, generally 
the upper limits and, if possible, the lower limits of the damage caused by a 
sequence of events should be related to  the design parameters of the system. For 
the desired analysis more information is needed in the following areas: 

1 .  Sodium boiling. 
2. Fuel-pin failure and failure propagation. 
3. Motion of molter1 fuel and the possibility of vapor explosions. 
4. Severe excursions. 

The events associated with these areas tend to  be interrelated, often in a 
complicated way. Some of the features of each category are discussed in the 
following sections. 

6.155 The subject area of sodium boiling includes the events leading up to 
the  expuls ion of coolant .  An analyt ical  descr ipt ion of these events  therefore  
requires an understanding of superheating, two-phase flow of the coolant after 
nucleation, and the effect of reactivity feedback on the fuel thermal input. 
Although several analytical models have been formulated (94.128) to  describe 
transient void-formation rates, the confidence level needs t o  be improved by 
more experimental infoi.mation t o  better define the parameters. 

6.156 A related safety problem in the liquid-metal fast breeder reactor is 
the behavior of coolant when flow channels become very hot and massive 
amounts of  coolant are expelled. The expelled coolant may then condense in the 
upper plenum and flow back into the hot  channel. On reentry, violent boiling 
may be produced by molten fuel interacting with coolant, the resulting vapor 
expanding so rapidly th.it the effect is similar t o  an explosion. Such an explosion 
could lead to  a variety of consequences, including compaction of other regions 
of the core. Thus the mechanisms involved need to  be better understood for 
accident modeling. 

6.157 A vital question associated with fuel-pin failure is that of propa- 
gation. That is, under what conditions can the failure of one pin precipitate the 
failure of others and set up  a chain reaction affecting so many of the pins in a 
subassembly that the subassembly has t o  be replaced? In addition, the possibility 
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that the damage will spread t o  other subassemblies must be studied to  
understand the conditions under which a minor failure can lead t o  a serious 
accident. 

6.158 An analysis of single-assembly accidents that could lead to  failure 
propagation is illustrated in Fig. 6.27 together with a stepwise listing of key 
uncertainties in the a n a l y ~ i s . ~  Five potential accident sources are indicated: 

1. Partial-fuel-assembly blockage. 
2. Fuel-pin-failure gas release. 
3 .  Loading error of single pin or pellet in otherwise normal assembly. 
4. Full-fuel-assembly blockage. 
5 .  Loading error of fuel assembly in wrong location. 
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Fig. 6.27 Accident sequences and key uncertainties for single-assembly accidents. 
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6.159 Should fuel melt, more knowledge on fuel movement is needed t o  
determine if reassembly is likely and a super-prompt-critical excursion possible 
or if the fuel is merel:, likely to  be swept out of the core. Furthermore, in 
examining the consequences of a reassembly accident, we must know the rate of 
reactivity addition, which depends on the nature of the molten-fuel motion. 
Uncertainty in molten-fuel behavior therefore limits the confidence in predic- 
tions of  accident consequences with analytical models. 

6.160 The amount of energy released in a super-prompt-critical excursion 
should be estimated to aid in containment design and in selecting core-design 
specifications ($6.152). In a typical energy calculation, such as the Bethe-Tait 
analysis, energy is g e n m t e d  as a result of a prompt-critical condition until 
enough pressure develops t o  expand the core (or portion of the core) below the 
critical condition. Since material displacement is involved, the calculation model 
includes a coupling of the neutronics, hydrodynamics, and equation of state, 
each of which includes areas of uncertainty. 

GAS-COOLED FAST REACTORS 

6.161 Fast reactors using helium under pressure (-1200 psi) as coolant 
instead of sodium are receiving attention as an alternate approach t o  the breeder 
r e a ~ t o r . ~  Advantages include a high internal breeding ratio with small reactivity 
swing over the burnup cycle and only an insignificant coolant reactivity effect. 
Therefore the safety questions for coolant-void formation in sodium-cooled fast 
reactors d o  not apply for helium cooling. Also, the possible swelling of 
stainless-steel fuel cladding is more easily accommodated in the gas-cooled 
system since the pin spacing is not as close as that necessary for a sodium-cooled 
core, where the coolant volume fraction must be kept relatively low to avoid 
degrading the neutron spectrum. 

6.162 The principal safety challenge in the gas-cooled fast reactor is to  
provide for the cooling of the core under such emergency conditions as loss of 
coolant flow or depressurization, which reduces the coolant density. Since 
natural circulation does not provide sufficient cooling capacity to  remove the 
afterheat, the fuel would heat u p  rapidly after shutdown if cooling capability 
were not maintained. High integrity of the primary-coolant-system containment 
is provided by a prestressed-concrete reactor vessel that includes the circulators 
and steam generator in a self-contained steam supply system. The design ensures 
the operation of the coolant circulators under accident conditions. The use of 
steam turbine drives makes operation independent of an electrical power source. 
Auxiliary circulators also provide a backup capability for emergency cooling. 

6.163 The safety analysis for a gas-cooled fast reactor follows the same 
general approach as th;it for light-water thermal reactors and sodium-cooled fast 
reactors. Potential accident situations are reviewed and the requirements for 
emergency systems examined. Since, like the liquid-metal fast breeder reactor, 
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the gas-cooled fast reactor does not have an inherent shutdown mechanism, the 
Doppler coefficient is a very important power-limiting parameter. Although the 
entry of steam or water into the core would add reactivity,* complete core 
flooding is not considered credible, since the water inventory in the steam 
system is limited. 

6.164 Considerable attention in the safety analysis must be given to the 
fuel-temperature behavior in response to  various depressurization and coolant- 
flow-reduction possibilities. The rapid depressurization after a large break (area 
>90 sq in.) would seem t o  cause fuel damage, even with continuing circulator 
operation. A secondary containment of relatively small volume to maintain the 
coolant pressure at  about 50 psi, despite a leak in the primary system, has 
therefore been suggested. 

6.165 Some of the problem areas mentioned in 56.155 which relate to  
molten fuel but not to  the sodium coolant apply also to the gas-cooled concept. 
Compared with the sodium-cooled concept, therefore. the gas-cooled fast reactor 
offers the important advantage of freedom from the safety concern resulting 
from the positive reactivity introduced by coolant voiding. On the other hand, 
adequate shutdown cooling represents a greater challenge. From the safety 
viewpoint each approach therefore has some advantages as well as some 
problems specific t o  the concept. 

ENGINEERED SAFETY FEATURES AND SITING 

6.166 In the broad sense engineered safety features include all provisions 
specified by the designer of a reactor plant to ensure that the system will operate 
without any uiiusual risk to the general public. Such features can therefore 
include special instrumentation and control devices, structural features, a large 
variety of such devices as cooling sprays intended to  mitigate the consequences 
of an accident, and, finally, the containment. 

6.167 I n  a somewhat narrower sense, various devices to lessen the 
consequences of an accident are emphasized, the instrumentation and contain- 
ment being considered as separate items. Here, the term is applied to the total 
system, including the containment, intended to prevent and limit the conse- 
quences of a fission-product release. 

6.168 Siting is related, of course, t o  the safeguards system. An exclusion 
area or siting of the plant away from large centers of population can limit the 
consequences of a release of fission products, just as design features can prevent 
fission products from reaching the atmosphere. Siting parameters can therefore 
be included during the design of the overall safety system since a site within 

*Some designs provide for resonance absorbers in the fuel so that the introduction of 
steam into the core will cause a decrease in reactivity. 
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close proximity to  a population center is acceptable only if fission-product 
release to  the atniospli~sre and subsequent diffusion to  the population center will 
be prevented by the design. In the United States, government requirements 
provide sonic guidelines based 011 exposure criteria.** 

6.169 As reactors increase in size, however, strict application of the 
TID- 14844 guidelines results in quite large exclusion areas and distances to 
population centers. Since the guidelines were made with no  assumption of 
engineered safety features. they may be modified on the basis of the safeguards 
provided by these engineered features. The extent of inodification appropriate is 
generally evaluated on an individual site and reactor-design basis. 

6.170 Siting closi: t o  urban areas in which load centers are located will 
avoid significant economic penalties of transmission costs for plants more 
remotely located. Thus extensive engineered safety features are usually 
economically justified if urban siting call thereby be made acceptable. The 
TID- I4844 guidelines are compared with actual approved exclusion areas and 
distances to  population centers in Table 6.6 for several large reactors. 

TABLE 6.6 

Siting Distances for Selected Plants 

Exclusion distance, 
miles 

Population 
center distance, 

miles 

Nuclear plants Size, Mw(t) 

San Onofre 1210 
Oyster Creek 2000 
Malibu 1700 
Millstone Point 2030 

Connecticut Yankee 1825 
Dresden 2,3 2300 
Indian Point 2 3218 

Type Guideline Actual 

PWR 0.76 0.50 
BWR 1.07 0.25 
PWR 0.95 0.16 
BWR 1.07 0.50 

PWR 0.99 0.32 
BWR 1 .I5 0.50 
PWR 1.44 0.3 

Guideline Actual 

15.0 10.0 
22.0 10.0 
19.8 10.5 
22.0 3.5 

20.6 9.5 
24.0 15.0 
30.0 3.0 

6.171 I f  the site is considered part of the overall reactor safety system, 
designed engineered sifety features can be emphasized when there is a strong 
incentive to reduce the site subsystem requirement for distance from population 
centers. Fission-product release to the environment can be prevented or reduced 
by three different approaches: 

1. Prevent or reduce overheating of the fuel in the core through emergency 
cooling provisions. 

*Guidelines are provided in various sections of the Code of Federal Regulations, such as 
Section 10 CFR100. 
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2. Provide for a reduction in the fission-product concentration by filtering, 
scrubbing, sprays, and other devices sliould fission products be released to the 
containinen t. 

3. Provide various barriers around the primary system to reduce the 
probability of fission-product activity leakage. The outer containnient system is 
part of this effort. 

THE SAFEGUARDS - CONTAINMENTSYSTEM 

6.172 The s y s t e m  approach can be applied to  the interplay between the 
engineered safety features and the containment since the rcspectivc design 
requirements are closely integrated. Questions of siting can be considered part of 
an even larger system that may comprise an entire geographic region. 

6.173 The purpose of all containment is to provide a barrier between 
fission products that may somehow be released by the enclosed reactor system 
and the environment outside the c o n t a i n ~ n e n t . ~  Containment as a design 
requirement has evolved through several stages of developrnent. Initial containers 
were primarily large static pressure envelopes with few penetrations. They were 
intended t o  control public exposure after a possible accident to  a small 
experimental reactor not located at a remote site. I n  other words, the 
containment substituted for the remote location. Since one coininon design 
assumption is that all stored energy in the primary system is released into the 
containment structure, as water reactors became larger, a simple envelope 
became difficult to  design at reasonable cost. Although a basis for design is still 
the Containment of the stored energy in the coolant, which is hot and under 
pressure, ways to  absorb this energy by means other than simple containment of 
the vapor in a pressure vessel have evolved. 

6.174 As reactors have become larger, the total amount of fission products 
contained within a single vessel, as well as the stored energy, has increased. There 
is therefore greater concern over possible major failures of the primary reactor 
vessel and the generation of missiles that might breach the c o n t a i n n ~ e n t . ~  

6.175 Although the design-basis accident for water reactors is considered to 
be the rupture of a pipe in a main coolant loop in a manner that would permit 
full flow of the coolant from both ends of the ruptured pipe, it is assumed that 
the primary vessel remains ductile. If it becomes necessary in designing 
containment vessels to anticipate a sudden catastrophc failure of the primary 
reactor vessel, two effects not previously planned for in designs for containment 
must be considered. These are the containment of missiles formed by fragments 
of the vessel thrown apart at high energies and the containment of pressure 
shock waves that produce a concussion on the containment shell. The possibility 
of pressure-vessel loss of ductility is treated further in 86.244. 
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Pressure-Suppression Containment 

6.176 Pressure-suppression containment is based on ducting the reactor 
coolant discharge from a hypothetical loss-of-coolant accident into a heat sink 
(usually a pool of water) and thus reducing the pressure and temperature inside 
the containment space by condensing the steam-water mixture. Some of the 
fission products entrained in the coolant would also be removed in the pool 
water. The system therefore consists of two main components, as shown in Fig. 
6.28 for a boiling-water reactor: (1) a pressure vessel, or “dry well,” enclosing at 

R E F U E L I N G  B U I L D I N G  

(PRESSURE C O N T A I N E R )  

SUPPR ES!;I ON 
C O O L I N G  
W A T E R  

‘8’ PUMP 

Fig. 6.28 Multiple containment shown with boiling-water reactor. 

least the reactor and (2)  a pressure-suppression chamber, or “wet well,” partly 
filled with water. The dry well vents through a number of pipes whose discharge 
ends are submerged in the water within the suppression chamber. The 
primary-system lines penetrating the containment must be provided with 
isolation valves in duplicate as ensurance against the failure of a single valve or to 
account for breaks insid? and outside the ~ o n t a i n m e n t . ~  

6.177 A type of pressure suppression containment (Mark 111) proposed for 
large boiling-water-reactor plants is shown in Fig. 6.29. Here, a weir wall inside 
the dry well and the containment wall form the annular suppression pool. 
Horimntal vents in the dry well wall provide a path for condensing steam during 
blowdown conditions. A second water tank above the dry well provides 
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Fig. 6.29 Pressure-suppression containment for boiling-water reactor. 

additional condensing capacity and serves as a reservoir for various emergency 
spray systems. Both the dry well and the suppression chamber are enclosed in a 
relatively low leakage building held at  slightly negative pressure (-'I4 in. H 2 0 )  
by fans that exhaust through filters to a stack. This arrangement provides a.form 
of multiple-barrier containment. In multiple-barrier concepts. leakage past the 
first containment barrier is collected within a reduced-pressure zone between the 
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first and a second barrier and is either exhausted through a filter system and 
stack or pumped back inside the containment space. These concepts offer 
greater control of leakage than the single-shell containment vessel; further, 
leakage-rate testing may be more accurate, and continuous monitoring of the 
leakage rate may be easier. 

Ice Condenser 

6.178 A related method used for pressurized-water-reactor systems employs 
a bed of ice to absorb the energy that might be released from a break in the 
coolant system. The volume of the containment vessel may be about 50% 
smaller than that required for a simple pressure-containment envelope. In 
addition, the design pressure is reduced from about 50 psi to  about 12 psi.” 
The ice compartment5’ rings the walls of the containment with access to  the 
escaping vapor provided by a “trap door” activated by a slight differential 
pressure, as shown in Fiz. 6.30. 

Other Containment Systems 

6.179 The preceding containments for water reactors are examples of 
several different possibilities, each appropriate for a different concept or, in 
some cases, a somewhat different safety philosophy. The coolant in gas-cooled 
reactors, for example, has much less stored energy than that in water-cooled 
systems. As a result the pressure-volume requirement is less, and one 
prestressed-concrete pressure vessel could contain the entire primary coolant 
system. In this approach, however, much design attention is given to other 
containment barriers and devices to reduce the effects of fission-product release. 
Some designs for large sodium-cooled fast reactors emphasize the integrity of the 
primary coolant system with an outer building containment that is not a 
pressure vessel but merely a secondary barrier.” A variety of containment 
designs therefore exists, each meeting individual requirements. The current 
design trend, consistent with this approach, is to  consider the overall-safeguards- 
system requirements and individual contributions, the outer containment 
structure being one of the several subsystems. 

SYSTEMS APPROACH 

6.180 The preceding containment designs are priiiiarily the result of a trend 
to  consider the containment as only part of a total safety network with the 
performance requirements established only by looking at the overall system. 
This systems approach is illustrated here by considering a loss-of-coolant 
accident in a large boiling-water reactor.’ 
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Fig. 6.30 Ice-condenser containment system. 

6.181 The various interrelations resulting from an integrated-systems 
viewpoint of a loss-of-coolant accident are shown in Fig. 6.3 1.  Three engineered 
safeguards subsystems - emergency core cooling, containment cooling, and con- 
tainment fission-product removal - affect the failure mechanism. Containment 
failure can be achieved both by penetration and by overpressurization of the 
containment shell, each initiated by a breach in the primary system. 
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Fig. 6.31 Role of engineered safeguards in protecting barriers during a 
loss-of-coolant accident.’ 

6.182 Several interplays exist between the various subsystems. For ex- 
ample, the performance of the emergency core-cooling system could be 
influenced by the primary-system break through the formation of missiles, as 
well as by the forces and pressure-temperature history during blowdown. The 
blowdown forces and subsequent core heat-up also determine the early degree of 
fuel integrity, wkich, in turn, affects the operation of the emergency 
core-cooling system. 

6.183 A system; analysis of the network should also consider changes in 
the role of subsystems as a function of time. For  example, the emergency 
core-cooling system tlominates the overall response during the early stages of the 
loss-of-coolant accic ent  by controlling and limiting the increase in fuel 
temperatures. Later he containment cooling system begins its important role of 
removing the accumilated decay heat. Finally, much later, the fission-prclduct 
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removal system acts as a countermeasure by reducing the effect on the 
environment. 

6.184 In the design, balance among the various elements of the overall 
network should be maintained. The performance of one eleineiit, for example, 
need not receive undue emphasis if it is coupled to  a much weaker element in 
the system. For the boiling-water-reactor system, the primary-system integrity 
and the emergency core-cooling provisions emerge as the most important 
elements of the network. Both directly influence fuel integrity and the two 
possible modes of containment failure. 

6.185 The network analysis permits several design approaches depending 011 

where the emphasis on consequence prevention is placed. A preferred method is 
to emphasize a high-performance emergency core-cooling system and the 
integrity of the primary system. As a result the containment design requirements 
tend not to be too severe. Alternatively, the containment could be designed to 
handle missiles, melt-through, and metal-water reactions for all types of 
primary-system failures without depending on emergency core cooling. Such a 
design, which places the entire burden of protection upon the containment, is 
more difficult and more expensive than the first option, which provides for 
effective countermeasures during the early stages of the accident. 

6.186 Since the emergency core-cooling system plays such a key role in the 
safeguards network for typical boiling-water reactor designs, some of its features 
are discussed here. Emergency cooling systems for 1 OOO-Mw(e) water reactors 
can generally control afterheat generation rates greater than 100 Mw(t) for the 
first few minutes after shutdown and about 120 Mw-hr of stored energy and 
decay heat t h e r e a f t ~ r . ~  Actually, the system consists of a number of 
subsystems, as shown in Fig. 6.32, namely, a high-pressure injection, a 
semiautomatic blowdown, a core spray, and a low-pressure coolant-iii.jection 
system. The high-pressure coolant-injection system pumps water into the reactor 
while it is fully pressurized and protects the reactor core should a small process 
line fail. Its flow rate maintains the reactor core covered until the reactor 
pressure decreases enough to  make the core spray or the low-pressure 
coolant-injection system effective. 

6.187 The semiautomatic blowdown system is a backup t o  the high- 
pressure coolant-injection system. I t  depressurizes the vessel by blowdown 
through automatic opening of the relief valves, which vent steam to the 
suppression pool. Two core spray systems protect the core by spraying 
suppression-pool water on top of the fuel from nozzles mounted on a sparger 
ring located above the core. The core spray system gives protection for breaks 
large enough to independently depressurize the reactor vessel as well as for 
smaller breaks after the action of the high-pressure coolant injection of the 
serniautornatic blowdown system. After the system pressure is released, the core 
is cooled further by the low-pressure coolant-injection system, which also uses 
suppression-pool water. 
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Fig. 6.32 Emergency core-cooling system. 

6.188 Additional engineered safeguards are the containment coolant system 
and the fission-product removal system. In pressure-suppression boiling-water 
reactors, the containment coolant subsystem uses some of the components of 
the low-pressure coolant-injection system but sprays cooled suppression-pool 
water into the dry well and the suppression chamber. The fission-product 
removal system cons'sts of a series of filters and other gas-treatment devices for 
processing the atmosphere of the reactor building and exhausting it to  a stack. 

6.189 Systems ;or pressurized-water reactors are similar in principle but 
different in detail. P. major difference is reliance on reflooding of at least half 
the core shortly aftsr a pipe break. This is accomplished with high-pressure, 
intermediate-pressure, and low-pressure emergency water-injection systems to  

ENGINEERED SAFIZTY FEATURES AND SITING 279 



protect the core for any break size up  to  a double-ended rupture of the largest 
pipe attached to  the pressure vessel. Borated water is commonly used for such 
injection, normally into the coolant loops as shown in Fig. 6.21. However, in 
the early 1970s the injection effectiveness under certain circumstances was 
debated. Design changes, including the possibility of a core spray system, 
therefore received consideration. 

CON TA INMEN T A ND SPECIFICA TIONS FOR SAFETY FEA TUR ES 

6.190 Uniform design criteria are being developed by standards committees 
consisting of representatives from industry and government. In the past, 
containment structures have received the most attention since they can be tested 
more readily than the engineered safety features systems. On the other hand, a 
leakage rate during a controlled test could differ from that during an accident. 
Since the engineered safety features are vital in limiting the load on the 
containment structure, a shift in emphasis is likely. 

6.191 Leakage rates of about 0.1% per day have been specified for 
containment structures for some large pressurized-water reactors under a 
pressure of about 60 psig. This is equivalent to leakage through a hole less than 
‘/,6 in. in diameter from a containment Voluiile of 2 x lo6 cu f t .  Leakage 
specifications for boiling-water-reactor pressure-suppression systems are gener- 
ally somewhat higher, ranging up to  0.5% per day. In general, leakage 
specifications for most systems fall within the range 0.1 to  0.5% of the volume 
per day. Design specifications for the various emergency core-cooling systems are 
determined by iteration with the accident analysis and will not be treated here. 
A measure of the size of the components, however, is given by a typical core 
spray requirement of 12,500 gpm for each of two pumps for a large 
boiling-water reactor. 

SHlEL DING 

6.192 Since the purpose of the shielding system is to protect both 
personnel and components from the harmful effects of radiation, it is in a sense 
part of the engineered-safety-features system. This is particularly true if the 
design provides for both a shielding and a contaiiiment function for some of the 
structural components. As a result the design of the shielding system must be 
well integrated with the design of the containment and other safety features. 
Accident analysis provides the shield designer with input for the necessary 
iteration concerning radiation effects. On the other hand, shielding design tends 
to  be a separate discipline with specialized principles which can best be treated 
e l ~ e w h e r e . ’ ~  The role of shielding in the safety evaluation of the reactor design 
should not be overlooked, however. 
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SITING PARAMETERS 

6.193 From the iiewpoint of safety, the most important siting parameter 
concerns the possibility of exposure of the public to fission products in the 
event of an accident. Guidelines for the size of the exclusion area and suggested 
distances from population centers have therefore been established, as discussed 
in 3 6.95. In additi’jn to  this primary requirement, however, several basic 
engineering factors can be very important in selecting a site for a nuclear power 
plant. Examples are the  influence of electrical-energy-transmission charges and 
the availability of adequate cooling water. 

6.194 Since the electrical load center is normally at  the very same 
population center froin which some separation is desirable for safety purposes, a 
direct trade-off is introduced between the need for such separation and the cost 
of transmission over the extra distance that may be required. 

6.195 As a guiddine, the cost of electrical power transmission* tends to  
average about 10% ‘of the cost of energy delivered to the consumer. The 
transmission cost, in turn, does depend on a number of parameters including 
contributions to  capital and operating expenses. For example, the capital cost of 
transmission lines per mile includes a fixed component, a component dependent 
on the voltage, and a component to allow for the cost of the right-of-way. 
Terminal equipment contributes an additional charge. Annual fixed charges are 
derived from the capital charges in the customary way. Lines losses (12R losses) 
represent the other in- portant contribution to  the annual operating cost. 

6.196 Since the line losses may be reduced if a higher voltage is used, a 
design-optimization i eration applies in which there is a trade-off between the 
increased investment required and the savings in losses to be realized. Higher 
voltages are generallq appropriate for longer lines. Estimating the cost of 
electrical power trans nission is therefore fairly complicated. Computer program 
have been developed for this purpose, however.” One example of such a 
calculation for a 155 .mile 500-kv line with a 1000-Mw capability yielded a total 
capital cost of $18 r i l l ion and a cost of power transmission of 2.65 mills/kw-hr. 

6.197 When coinpared with a generating cost of about 6 mills/kw-hr, 
transmission over siich a distance is seen to  introduce a substantial cost 
increment, which utilities would prefer to avoid. Actually, the electrical 
distribution as it might .affect the choice of a new generating plant site is much 
more complex. A w , v  plant must be phased into an existing network that may 
supply several load c2nters and be interconnected to  neighboring systems. Also, 
adequate system reliability may require alternate transmission-line routes. The 
economics of the traismission-cost factor of reactor siting are therefore far from 
simple. For some purposes, however, a rule-of-thumb estimate is useful which 
considers an arbitrary 20-mile shift of a plant away from the load center a t  a 
penalty of about ~$12/kw(e) in initial cost and capitalized losses.56 

*Local-distribution :ost excluded. 
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ENVIRONMENTAL FACTORS IN SITE SELECTION 

Introduction 

6.198 Growing national concern in tlie United States for preserving 
environmental values has focused inucli attention on tlie effects of nuclear 
power plants on their ~ u r r o u n d i n g s . ~  7 , s  Such effects include low-level 
radioactive effluents during normal operation, thermal discharges from tlie 
thermodynamic power cycle, and releases that might occur during accident 
conditions. Controversy regarding the permissible levels of radiation and 
contaminants has introduced an additional factor in site selection which depends 
on public acceptance. In fact, tlie picture has been complicated, at least in the 
early 1970s, by deba te  on a variety of b road  related subjects ,  including the  
desirability of using nuclear plaiits to  iiiee t pressing energy needs if unknown 
risks are involved. Since environinental dangers from fossil plants have also been 
pointed out, a dileinina has resulted. However, since much of tlie controversial 
material is journalistic in nature, we sliall emphasize here tlie primary effluents 
from the reactor which interact with the environment and are of concern in site 
selection. 

6.199 As part of the licensing procedure ($6.250), nuclear-power-plant 
applicants must provide information on tlie environmental impact of the 
proposed plant and assurances that all applicable quality standards will be met. 
I n  addition, certain reporting procedures are prescribed. These requirements, 
which were put into effect in 1971, implement the National Environmental 
Policy Act of 1969. The impact of the procedures is still evolving in 1972. 

Sources of Radioactive Effluents 

6.200 Under normal operation some fuel-cladding failures can be expected 
despite the very high level of integrity achieved through careful design and 
manufacturing.’ Should a pinhole develop in the cladding, fission products 
escaping into tlie coolant would primarily be the gaseous or more easily 
vaporized constituents. Of these, the noble gases xenon and krypton are of 
special interest since they remain in the free form in the coolant. Other fission 
products are easily removed by the coolant purification system. 

6.201 Other radioactive materials are formed in the coolant system by 
activation of corrosion products and other materials. Of particular interest is 
tritium, formed in small amounts as. a fission product but also formed by 
fast-neutron reactions with the soluble boron usually present as a chemical shim 
in pressurized-water-reactor coolants. Secondary amounts are also formed in 
water-cooled reactors by thermal-neutron irradiation of the deuterium present. 
Since the tritium that is formed is converted to  HTO, it behaves chemically the 
same as water and hence is not removed by the coolant purification system. 
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Waste Management 

6.202 Radioactive -waste-treatment systems are an integral part of  all 
reactor plant designs. Liquids from the reactor-coolant system and from other 
sources are usually cor centrated by such processes as evaporation, ion exchange, 
and filtration to yield a material that can be shipped off site and suitably 
disposed. The effluenl process liquid, which contains very little radioactivity, 
may be collected in holdup tanks, monitored, and then released under controlled 
conditions with the phnt 's  condenser cooling-water discharge. This discharge 113s 
been debated in liceniing proceedings since processing stages can be added so 
that the effluent can ,e reused i n  the plant and no radioactive liquid effluents 
discharged t o  the envi .onment. Such methods, however, generally still result i n  a 
discharge of tritium in the form of gaseous effluent. 

6.203 The requirements for gaseous-radioactive-waste management for a 
pressurized-water reac.tor differ significantly from those for a boiling-water 
reactor. Since a presi,urized-water reactor uses a closed-loop reactor cooling 
system, the volume rate of gases containing radioactive isotopes from the 
cooling system and other sources is quite small. I t  is therefore a straightforward 
matter to compress he gases, provide for about a 30-day holdup in decay 
tanks, then release to  the atmosphere the effluent, which now consists primarily 
of the long-lived K I .  I f  desired, the krypton can be removed from the effluent 
gas stream by scrubbing with freon at low temperature, absorbing on charcoal, 
or by other methods. 

6.204 Since the coolant that passes through the core in a boiling-water 
reactor is carried as sleam directly t o  the turbine and then to  the condenser, the 
cycle is no t  as closed as tha t  for a pressurized-water reactor. The condenser 
vacuum required for high cycle efficiency is maintained by removing noncon- 
densible gases by a sleam-jet air ejector. Since the noncondensibles include air 
that has leaked into the system and water disassociation products as well as the 
radioactives gases, the discharge from a 1000-Mw(e) boiling-water reactor has a 
volume rate of aboul 140 cfm. In boilingwater-reactor plants, the air-ejector 
effluent gases are filtered to  remove particulate material and provide at  least a 
30-min holdup for th- gases to permit partial decay of the noble gases and other 
short-lived radioactive isotopes before release t o  the environment. As an 
alternative, hydrogen and oxygen can be catalytically recombined and con- 
densed together with the original water vapor, yielding a process'stream of about 
20 cfm, which can thcn be treated by  one of several possible recovery systems t o  
remove the noble gasm, e.g., that for the pressurized-water reactor. 

6.205 I t  must bi: emphasized that the discharge of tritium (half-life,'12.26 
years) and *'Kr (half-life, 10.76 years) from reactor plants not provided with 
extensive secondary plants for their recovery has been shown not to lead to  any 
significant effect on :he environment, provided precautions are taken to  ensure 
adequate dispersion. As larger fuel. reprocessing plants are built, krypton will 
probably be removed from gaseous effluents, however. Because of extreme 
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public sensitivity to  radioactive discharges t o  the environment, secondary 
recovery systems may be installed in reactor plants to  speed public acceptance 
and thereby avoid costly delays in licensing. 

Waste Heat 

6.206 Waste-heat-disposal requirements for power plants projected for the 
next several decades have caused some concern. A number of major streams in 
the United States on which new plants would logically be located appear not to  
have sufficient flow t o  accommodate the waste heat during the summer without 
a temperature rise above that permitted by quality standards.60 Since this 
question has a significant bearing on siting, some of the important considerations 
are examined here. 

6.207 Most thermal power plants in the United States use once-through 
cooling with fresh water to  condense the steam leaving the turbine and then 
discharge the heated water t o  a river or other body of water. The amount of 
fresh water available in the United States is therefore of interest. The average 
rainfall in the United States is about 6,000,000 cfs. About two-thirds of this, 
which returns to  the atmosphere by evaporation directly from water surfaces 
and by evapotranspiration of vegetation, is not recoverable by practical means. 
The remainder, about 2,000,000 cfs, contributes t o  ground storage and sustains 
the flow of streams, rivers, and lakes.' 

6.208 In the mid-1960s only about 500,000 cfs of  such fresh water was 
withdrawn from these supplies, and only 100,000 cfs was consumed. A 
considerable margin therefore appears to  exist between demand and supply in 
both withdrawal and consumption. However, because of the very large seasonal 
variations in flow, the maximum possible withdrawal rate is estimated, by adding 
all practical reservoir capacity, t o  be only about 1,000,000 cfs, even with full 
reuse of the water. Water in the Mississippi and Ohio river basin is presently used 
on the average of seven times before reaching the river mouth. For example, for 
full use of U. S. rivers, reservoir capacity would have to  be more than doubled, 
an unlikely prospect. 

6.209 United States industry (including electric utilities) was withdrawing 
water a t  a rate of about 250,000 cfs in 1960 but  was consuming only about 
5000 cfs. Of this total industrial use, thermal electric power plants withdrew 
water at a rate of about 120,000 cfs and consumed about 1400 cfs. Power plants 
therefore accounted for about 50% of all industrial withdrawals and about 20% 
of all industrial consumption. Although average values can mislead, particularly 
when reuse is considered, they d o  give a preliminary picture. The 145,000 Mw(e) 
of nuclear capacity projected for 1980, for example, corresponds to  a water 
withdrawal of about 220,000 cfs. New fossil power plants and industrial growth 
may account for an increment almost twice this value. Although their usefulness 
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is indeed limited, such projections of average withdrawal rates do provide some 
strong indications that there are likely to be problems in specific areas. 

6.210 Particular concern has been expressed on the effect of increased 
stream temperatures 011 aquatic life.6 Furthermore, the proposed construction 
of a number of lightwater nuclear plants, which may have a thermodynamic 
cycle efficiency* of about 32% compared with 40% for a fossil plant, has tended 
to  draw attention to  the general problem. 

6.21 I State water-quality standards typically specify both a maximum 
stream temperature a d  a maximum allowable temperature increase. The 
temperatures selected iepend on the biological community living in the stream 
as well as the anticipated human use. If the stream supports a cold-water fishery, 
the regulations are generally quite restrictive, permitting maximum temperatures 
of the order of 65 to  70°F. If the stream has only warm-water fish, the 
temperatures permitte'i are of the order of 90" F from April through November. 
Various classes of stre ims range between these extremes. Since these maximum- 
permitted stream temperatures generally approach the stream temperatures 
already occurring for some portion of the year, it may not be possible to add 
greater heat loads t o  some streams during the summer months.60 Allowable 
temperature increases of streams are generally 5°F or less. An additional 
complication is the teiidency of the hot effluent to flow downriver as a separate 
plume for some distznce and not mix well with the cooler water below or 
alongside, Restrictions of effluent temperature are therefore a possibility. 

6.212 Because 0 '  various complications in using surface waters, cooling 
ponds or cooling towers have been considered as an alternate. Generally, if 
cool ing  ponds, which  require large a m o u n t s  of inexpensive land, are not feasible, 
natural-draft towers I eceive first preference. These are quite large, however, 
sometimes almost 45C ft  high and over 300 f t  in diameter for large power plants. 
In addition t o  the cos increment compared with that for using surface water, air 
pollution caused by fog and entrained slimicides and corrosion inhibitors may be 
introduced. Induced4 raft towers are smaller and less likely to introduce fogging 
problems but  may require as much as 0.4% of the output of the generating plant 
to  drive the induced-draft fans. Since performance is quite dependent on 
humidity and ambient temperatures, the designer must consider a number of 
.possibilities in seekir1.g an optimum installation. Cost estimates vary consid- 
erably, capital costs generally being of the order of $10/kw(e) for a lOOO-Mw(e) 

*Some confusion in terminology exists since rhermnl efficiency is used both to express 
the fraction of hear prc'duced that is converted into work and as a term having the same 
meaning as the thermodjmmic cycle efficiency expressing the fraction of heat adsorbed in a 
cycle that is converted to work. If the former definition is applied to fossil power plants, the 
heat lost up the stack is included in the heat-rejection inventory with the heat adsorbed by 
condenser cooling water 
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plant and the cost of  energy, in turn, increasing by  about 0.4 mil l /kw-hr62~63 
for a cooling tower. 

SEISMIC CONSIDERA TIONS 

6.213 Building codes include provisions for the seismic design of all types 
of structures; the criteria vary with the extent of earthquake accelerations to  be 
expected where the site is located. Requirements evolved through licensing 
procedures for nuclear plants (§6.250), however, are much more stringent than 
for other types of public structures. In seismic areas such as California, the 
characteristics of the site itself must be carefully investigated as well as the 
design. In relatively nonseismic areas, the plant must be designed to  withstand 
the effects o f t h e  greatest earthquake that can be reasonably anticipated at the 
site. 

6.214 The initial design must ensure that no damage will occur under a 
specified horizontal ground acceleration condition. In addition, assurance must 
be provided that the reactor can be safely shut down at  a specified higher 
horizontal ground acceleration although some damage might have occurred. 
Typical acceleration values for a site in a seismic-active region are 0.25g (25% 
that of gravity) and OSOg, respectively. Where only minor earthquake damage is 
expected, lower accelerations may be specified.’ 

6.215 The design effort required t o  meet the preceding general criteria is by 
no means simple. Vital systems and components must be identified and analyzed 
to ensure that safe shutdown conditions can be maintained. Actual design 
approaches vary in complexity depending on the seismic activity anticipated. 
Needed “defensive construction” features are assumed to  be incorporated in the 
design, of course. A “design-basis earthquake” for the site is a useful analytical 
reference. The details of the ground motion may be considered, including the 
response spectrum and time-dependent effects. Soil mechanics and foundation 
engineering are relevant in the force analysis. Although criteria may be primarily 
in terms of a horizontal-motion spectrum, vertical acceleration is also considered 
but is normally specified in terms of a fraction of the horizontal acceleration. 
Existing codes d o  provide considerable guidance in the stress analysis. 
Elastic-response characteristics are available, for example, for structural com- 
ponents, piping, and reinforced ~ o n c r e t e . ~  

6.216 The possibility of  differential displacement of the foundation 
material at a nuclear-power-station site, as might occur because of faulting, is 
a much more severe design challenge than uniform ground acceleration. Special 
designs are available, however, which tend to  decouple the containment and 
foundations from the soil.65 In one conceptual design study, the reactor 
building “floats” in a bentonitic slurry contained in a caisson.66 For an extreme 
requirement such as this, a cost penalty of about 11% of the total capital cost 
appears t o  be involved. 
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METEOROLOGY 

6.217 Two types of meteorological considerations are involved in site 
s c c t i o n :  ( 1 )  the effect of weather patterns on the diffusion of potential 
accident fission products t o  population centers and (2) ensurance that tornadoes 
or hurricanes will cause’ n o  safety problems. 

6.218 Licensing procedures generally call for an evaluation of the meteor- 
ology of the site and adjacent areas t o  determine the pattern of possible 
fission-product dispersion. Normally, well designed gaseous-effluent holdup 
devices and stacks cat1 provide adequate dispersion, even when the terrain and 
other factors are som:what unfavorable. Usually, therefore, t h s  aspect of the 
meteorology is more i i  design challenge than a siting factor. Also, meteorological 
evaluations generally show that the least favorable conditions on which dis- 
persion estimates ma)‘ be based occur at about the satne frequency for most 
sites.’ Of course, everything else being equal, locating a new plant “downwind” 
from a population cetiter is preferable to locating it “upwind.” Such a choice is 
seldom available, however, since site possibilities are normally rather limited and 
economic, cooling-w; ter, and other considerations may affect the decision 
significantly . 

6.219 The possibility of  extreme conditions, such as tornadoes and 
hurricanes, is another design challenge. Provisions must be made for the integrity 
of the plant and its :;afe shutdown should such a storm pass directly over the 
plant. Critical structures must therefore be designed to withstand forces from 
about 300-mph tangential winds and tornado-generated missiles. Present practice 
is t o  consider average severe conditions as design criteria but not to consider 
probabi l is t ic  factors.  

OTHER CONSlD E RA TIONS 

6.220 The possibility of containment damage due t o  an aircraft accident 
has some effect on siting. Although the containment may be designed to  
withstand the impact of a crashing jet transport of perhaps the Boeing 707 size, 
the probability of  such an accident should be kept as low as feasible by not 
locating the plant close t o  airport flight patterns. Probabilistic studies of the 
aircraft hazard t o  nuclear power plants located away from an airport indicate 
that the risk is acceptable by  several orders of magnitude when compared with 
that of other accidenl possibilities.6 , 6 8  

6.221 Other factors derived from normal engineering practice may also 
affect site selection. These include the cost of land and its preparation for 
construction, subsoil conditions and foundation requirements, accessibility for 
the delivery of coniponents, local tax structure, and any other parameters 
associated with the site that might affect the plant operating cost. 
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SITING POLICIES IN OTHER COUNTRIES 

6.222 Although the previous discussion applies primarily to practices in tlie 
United States, tlie basic principle of public-safety assurance by a combination of 
isolation and engineered safeguards generaily applies. Interpretive policies and 
details of application may vary quite widely from country t o  country, however. 
In the United Kingdom and Japan, for example, the opportunity to  use distance 
to  control the hazards is quite limited. 

6.223 The containment and the design features of the reactor system must 
therefore be emphasized. Criteria evolving from licensing practice may therefore 
depend on the judgments made in response t o  tlie situation in a particular 
country. An assessment of risks on a probabilistic basis as mentioned in 56.102 
has met more favor in other countries than in the United States. Fission- 
product-release, diffusion, and dosage criteria are also not necessarily uniform. 
However, information is being exchanged and many standards are being evolved, 
and the possibility is strong that greater uniformity will be achieved in the 
future. 

SAFETY ASSURANCE 

6.224 A broad area that is part of the engineering of a reactor system 
concerns reliability, accident uncertainties, and general efforts to ensure that the 
system is within acceptable safety limits. Standards and other types of reference 
criteria are important as guides for objectively treating subjects which inhercntly 
involve some uncertainty. 

6.225 The term quality assuraiice is used in several ways. I n  the broad sense 
it comprises all actions that give adequate confidence tha t  the reactor system 
will operate satisfactorily in service. Performance and perhaps economic criteria 
are therefore involved in addition to questions of safety. In this sense, therefore, 
the term is more general than safety assurance. In the most common usage, 
component design and inaterial selection are emphasized, with primary attention 
devoted to  safety. Manufacturing procedures, testing techniques, and failure 
predictions are all likely to  enter into the requirements. As a result the terms 
quality assurunce and safety assuratzce are often used synonymously. Since 
quality assurances are required in the reactor-licensing procedure ( 5  6.250), they 
are of considerable design importance. 

PROBABILISTIC ANALYSIS 

6.226 In  the design and evaluation of many engineering systems, the 
reliability of components is closely related to  estimates of safety. This is 
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certainly true for nuclear reactor systems, where many of the accidents 
postulated in a safety analysis are initiated by a component failure. Therefore. 
for both design and aiialysis, reliability should be expressed on a quantitative 
basis. Fortunately. tl .e aerospace industry and other manufacturers have 
progressed far in a discipline that can be called reliability analysis based on 
probabilistic approaches. with the principles applicable to the nuclear industry. 
The need to  assess reac,tor safety on a quantitative basis. however, involves iiiore 
than component reliat ility. As a basis for analysis, it is desirable to construct 
niathematical models i hat include various accident paths and coiisequeiices iii 

addition to the initiating events. Such an approach, termed a probabilistic 
niethodology for safeiy aiialysis, shows promise as an evaluation and design 

6.227 Digital-computer techniques permit the practical combination of a 
number of reasonably sophisticated mathematical models describing parts of the 
reactor system into a larger overall model that can provide output in terms of 
dose levels. One such approach for a light-water-reactor system is expressed as  a 
block diagram in Fig. 15.33. Most of the models designated on the diagram by a 
single block could, in t mi, be described by a detailed computer flow chart. 

6.228 The procecure is only one of a number of possible approaches. In 
each, however, the heart of the method is the model represe/ztatio/i of a 
sequence of events with the opportunity to  predict behavior under a given set of 
circumstances. Such I ,lodeling and simulation is a well-established operations 
research technique. The model can then be used for various types of analyses, 
such as the contributicm of each component to  the probability of system failure, 
the effectiveness of various safety trips and safeguards, and indeed a general 
assessnient of risks. Keep in mind, however, that the representation is a 
simulated one and the analysis depends heavily 011 statistical data describing 
component reliability, which is generally lacking in the nuclear industry until 
much reactor operatinl; experience has been accumulated. 

aid.69 , Y O  

Fault-Tree Analysis 

6.229 Fault-tree ;inalysis, a special type of graphic event representation, is 
particularly useful for safety evaluation. The approach provides a way of 
tracing back from an undesirable event to  any of inany possible key failures. 
The representation is generally in the form of a tree trunk for the event to be 
avoided and tree roots for the contributing events and actions. A simple example 
serves to  clarify the apJroach. 

6.230 Consider ; I  typical gas-heated household water heater with a 
thermostatically controlled burner actuated by the temperature in the storage 
tank. A pressure-relicf valve in the hot-water discharge line provides safety 
protection should the water overheat. Although the analysis of this system is 
straightforward, it illustrates the fault-tree approach. As shown in Fig. 6.34, the 
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Fig. 6.33 Probabilistic model for light-water reactor. 
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Fig. 6.34 Fault-tree representation. 

undesirable event is t i e  rupture of the tank, the “trunk” from which several 
“roots” flow. The roots are related through two types of logic “gates” shown on 
the diagram. The conkex-bottomed OR gate is activated if any or all of the input 
events are present, a d  the flat-bottomed AND gate requires all inputs to exist. 
In Fig. 6.34, therefori:, any of the failures leading to  the OR gate would cause 
the tank to overheat, but it could not rupture without both overheating and 
relief-valve failure. 

Figure 6.35 shows a fault-tree analysis for a loss-of-coolant-flow 
accident in a three-coolant-loop liquid-metal fast breeder reactor; the legend 
varies slightly from that in Fig. 6.34. Reduced coolant flow t o  the reactor could 
result froin any one of the basic faults shown, which in turn would result in 
reduced coolant to the core. An incipient mismatch between reactor power 
generation and heat-rxnoval rates would normally be corrected by the reactor 
control system. Core-Zoolant voiding could result only in the extremely unlikely 
event of failure of th; two completely independent automatic control and trip 
systems as well as !‘ailure of the operator to respond to  various alarms as 
indicated by the AND logic gate in the fault-tree diagram. 

6.231 
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6.232 Additional roots of the fault tree may be developed downward to  a 
detail as fine as desired, e.g., nu ts ,  bolts, etc. Also possible are other gate options 
providing for priorities, restrictions, and time delays. Statistical parameters can 
also be included to yield a probabilistic analysis of the occurrence of the 
undesirable event or events. 

Design Applications 

6.233 As in most engineering design, analysis and evaluation iterate during 
the design of the parts of the reactor system related t o  safety. The probabilistic 
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4 Fig. 6.35 Fault tress for loss of coolant flow. 

approaches described are helpful in the evaluation. A difficulty, however, is to 
establish design goals in terms of acceptable failure probabilities. One approach 
is to  assign such goals, considering the consequences of the postulated accident 
wherein an extremely low failure rate (1 X 1 0-7 per year) can be tolerated for a 
catastrophic result and a somewhat higher rate may be applied to  a somewhat 
less serious result (§6.101). Although such a trend is straightforward, there is 
uncertainty as to whai risk is a p p r ~ p r i a t e . ~ ~  

6.234 Fault-tree and other types of simulation analysis d o  provide a way of  
identifying critical subsystems or components whose failure could markedly 
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influence the failure of the entire system (86.229). Similarly, in a complex 
network, one event path may have a controlling effect on the total failure. 
Under such circumstances the designer may wish t o  introduce redundant 
elements to  split the path and improve the reliability of the system. 

6.235 Improved compone17t reliability due to careful design and nianufac- 
turing quality control generally gives a higher level of system safety since the 
probability of failure leading to an accident is reduced. An economic trade-off 
therefore exists between the cost of such component reliability and the 
economic consequences of an accident. A different consideration is introduced, 
however, in the protective system required for the reactor. The protective 
system receives information from the reactor and its associated equipment, 
compares this information with established limits, and may shut down the 
reactor or initiate countermeasures. Generally, the more elaborate such a system 
is, the greater is the inherent safety of the reactor system. The more complex the 
protection systein, however, the greater is the likelihood of unnecessary reactor 
sliutdowns due to  coniponent failure within the protection system.* The 
operational reliability of the reactor sysferiz is therefore reduced although the 
safety is improved. Thus a design trade-off of  this type between safety and 
system reliability must also be considered. 

6.236 Reactor protection systems receive special design attention with 
industry-wide performance criteria a goal. Related to this is the periodic testing 
of protection systems according to standard guidelines (86.192). As inore 
reactors are put into operation, such testing as well as other accumulated 
experience helps develop a body of component-reliability data that can serve the 
designer of new plants.72 

ROLE OF STANDARDS AND CODES 

6.237 Engineering standards, codes, and specifications provide a basis for 
quality assurance which helps to  quantify component reliability in the 
probabilistic safety analysis. In addition, the careful adherence to such standards 
by manufacturers as part of a quality assurance program generally improves 
component reliability and, in turn, the inherent safety of the reactor system. 

*An indication of the reliability of  a system consisting of many elements can be 
expressed by Lusser's product rule 

n 

i= 1 
~ = n  ri 

where R is the reliability (probability of nonfailure for a specific period of time), ri is the 
reliability of the ith element, and IZ is the number of e l e ~ n e n t s . ~ '  I f  there are 500 
components in a system, therefore, each with a reliability of 0.99, the system reliability 
would only be about 0.01. 
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6.238 Standards have been, or are being, developed for inany more features 
of the reactor systei I design than merely the component specifications. 
Hundreds of applicablit codes and standards are being developed by technical 
society committees, tr,ide associations, and other groups in a ~ i  organiLed effort 
coordinated through tlie American National Standards Institute, which, in turn, 
represents one part of i worldwide effort.73 

6.239 In addition to  standards, criteria, and codes applying to the design 
and testing of the reactor plant itself, standards for various aspects of the fuel 
cycle and other relate'i activities have been developed. Such documentation of 
proven engineering prxt ices  aiid procedures is therefore extremely helpful to 
the designer. However, the nuclear industry has developed so rapidly that the 
evolvement of these :;tandards has not kept up with the need. This lag has 
become of considerahle concern since quality assurance is vital for reliable 
operation of nuclear power p l a n t ~ . 7 ~ , 7 ~  

INCIPIENT FAILURE DIAGNOSIS 

6.240 An inspectmi aiid testing program, begun after the reactor is placed 
into operation and cairied out during the life of the plant. is also important to  
the safety assurance or the plant. Particular attention is given to monitoring the 
protection system to avoid a failure or loss of redundancy. Pressure vessels 
likewise receive special attention. The reactor design must therefore provide for 
the inspection of coniponents and the installation of the devices planned for 
detecting incipient failures. Since techniques are rather specialized, we shall 
discuss here only a few of the many already developed. 

On-line methods, effective while the reactor is at power, avoid loss of 
plant availability an(! therefore should be included in the design. This is 
particularly true of the safety-instrumentation system where on-line periodic 
testing is posible only if the appropriate circuitry and redundant components are 
provided in the design 76 

6.242 One type 3f diagnostic approach concerns the detection of undesir- 
able operating conditions. For example, the analysis of neutron-density 
fluctuations and other types of noise has been used to detect various incipient 
malfunctions. In somc reactors, such as those cooled with sodium, it is desirable 
to  detect traces of In addition to  neutron-flux noise, ultrasonic and 
acoustic detectors ha.ie been studied for this application. In fact, various types 
of transducers have been examined for detecting such conditions as cavitation, 
gas entrainment through the core, hydraulic transients, and the presence of 
mechanical vibrations 

6.243 Detecting flaws in materials by nondestructive-testing techniques is a 
second type of diagnostic approach.78 Normally of most concern are the 
pressure vessel and 1 he primary coolant system, for which acoustic methods 
show promise, altho.igh dye-penetrant and even visual methods are used for 

6.241 
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certain types of flaws. In fact, nonnuclear industries have used various types of 
nondestructive testing for inany years as part of  manufacturing procedures. Such 
approaches as those using ultrasonics, ultraviolet light, lasers, and penetrating 
radiation (X ray and garnma), therefore, have been highly developed and can be 
applied for reactor systems. Many of these, of course, may be useful only before 
initial operation, or a t  least during shutdown. 

6.244 The surveillance of  reactor pressure vessels, particularly for the NDT 
(nil-ductility transition) temperature, is worth special mention. Exposure to  
fast-neutron radiation causes a rise in the temperature below which failure will 
be brittle rather than ductile. Since operation at or below the transition 
temperature could be unsafe, the shift in NDT must be monitored. A useful 
guide is, of course, the cumulative exposure, which can be compared with 
predictions based on experimental results. Most surveillance prograins for large 
water reactors feature a number of in-core specimens of the vessel material 
which can be removed according to  a planned sequence and subjected to  tensile 
and Charpy V-notch impact tests for ductility. The design must therefore 
provide for such specimen capsules. Nondestructive approaches. such as 
ultrasonic methods, are also used to  detect radiation-induced e m b r i t t l e ~ n e n t . ~ ~  

LICENSING R EQUl REMENTS 

6.245 111 the United States the Atomic Energy Commission is required by 
law to “regulate the peaceful uses of atomic energy in order to  protect the 
health and safety of the public.”’ 3,50 This charge has been implemented by the 
establishment of detailed licensing requirements for users of nuclear energy 
sources, including reactors. The regulatory functions of the AEC are quite 
separate from those concerned with operation and development. Organizations 
of the AEC concerned with the licensing of nuclear facilities are the Division of 
Reactor Licensing and the Division of Compliance, each of which is responsible 
to  the Director of Regulation. 

6.246 The Atomic Energy Act is very general in terms of licensing 
requirements and does not specify requirements or procedures in any detail. 
Such requirements are published as federal regulations, however. Since these 
regulations are frequently referenced by a standard notation, the terminology is 
reviewed here. Each Federal agency is assigned a chapter in the Federal Register. 
Chapter 10 (frequently called Title I O )  refers to AEC regulations, and the 
designation IOCFR means Chapter 10, Code of Federal Regulations. An 
additional number gives the category of the regulation. For example, IOCFRSO 
covers the licensing of nuclear power plants, research reactors, critical facilities, 
and reprocessing plants. Since the regulations are amended from time to  time, 
the reader actually concerned with licensing should refer to  the current version. 
In addition, information guides issed by the AEC from time t o  time should be 
consulted. These are not regulations, but they indicate the technical information 
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desired in the license application. Similarly, safety guides describe design 
features that have beer; found acceptable from the regulatory viewpoint. 

6.247 One sectioii in 10CFRSO outlines in broad terms the standards that 
determine whether 0 ’  not a license will be issued to  an applicant. These 
standards require that reasonable assurance be provided that the facility and use 
of the facility will comply with the Title 10 regulations, that the applicant is 
technically and financially qualified to  operate the proposed facility, and that 
the issuance of a 1icenr.e will not be “inimical” (harmful) t o  the common defense 
and security or the he; Ith and safety of the public. 

6.248 The type of information to  be included in an application is given first 
in general terms. Of particular interest is the statement, “The description of the 
process should be sufficiently detailed to  permit evaluation of the radioactive 
hazards involved.” Th: AEC has interpreted this statement t o  mean that a large 
amount of detailed information about all phases of the plant design and 
operation is required in the application. Instructions are therefore provided in 
some detail for the iiiformational requirements in both the preliminary safety 
analysis report (PSAR) and the final safety analysis report (FSAR). 

6.249 Informaticn must be provided concerning the financial soundness of 
the utility and the competence of its staff.* In addition to  site, plant design, 
operational, and safely-evaluation information, the preliminary safety analysis 
report must also dexribe and evaluate the quality-control program for the 
fabrication and consti uction of the structures, systems, and components of the 
facility. Research and development efforts must also be identified. Design 
criteria must be listeii in detail, and the license applicant is expected to  show 
how the criteria will be met in the final design. Since the criteria and the AEC 
regulatory interpretation of them change from time to  time, this feature of the 
licensing requirement: has been somewhat controversial.80 

LICENSING PROCESS 

6.250 The licensing process in the United States is somewhat complicated 
but is an important Fart of the safety-related engineering of the nuclear plant. A 
“flow sheet” of the llrocess leading to a construction permit is shown37 in Fig. 
6.36. The construction permit allows the utility to  build the facility with the 
understanding that safety problems defined during the review be solved before 
the reactor goes into operation. This review process is repeated when the reactor 
is ready to run and the utility submits a final safety-analysis report to  obtain the 
operating license. 

6.251 The “road” to  the construction permit starts with the preparation of 
the preliminary safety analysis report by the utility, normally with the help of 

*In certain cases ir formation is also requested to permit an antitrust review by the 
Justice Depart me nt. 
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Fig. 6.36 Nuclear safety licensing process. PSAR, preliminary safety analysis 
report. DRL. Division of Reactor Licensing. ACRS, Advisory Committee on 
Reactor Safeguards. ASLB, Atonuc Safety and Licenuing Board. 
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the reactor manufacturer (vendor) and the architect-engineer ( 3  1.7). The 
report is submitted to  Ihe Division of Reactor Licensing (DRL) for initial review, 
which may include seqeral informal meetings with both the designer and the 
utility to  clarify areas of uncertainty and obtain information that may still be 
required for legal licen:.ing. 

6.252 A report describing the impact of the proposed plant on the 
environment is also relluired (36.198). Topics include thermal effects; radiolog- 
ical effects; chemical releases; effects on local economics, traffic, etc.; and 
effects on the area of construction activities. Such environmental reports may be 
comparable to  the preliminary safety analysis report in scope and depth. 
Although normally the environmental report is not required until the application 
for a construction permit is filed, applicants are urged to schedule early meetings 
with the AEC regulatory staff concerning their siting plans. They also are 
encouraged t o  meet early in the planning stage with applicable federal, state, and 
local agencies au thor ixd  to develop and enforce environmental standards. 

6.253 Next, the !livision of Reactor Licensing prepares formal questions 
that are transmitted t o  the utility, which in turn may send some to  the designer 
(vendor). Answers are submitted as an addendum to the original preliminary 
safety analysis report. The original report and the addendum all become part of 
the public record and are again reviewed. This chain may be repeated many 
times until the DRL is satisfied that the plant can be built without undue risk to  
the public. 

6.254 The Advisory Committee on Reactor Safeguards (ACRS) was 
established by law to review safety studies and facility license applications and 
to  advise the AEC. Sirce the ACRS is a semiautonomous group with no member 
employed by the AEC, an independent evaluation can be made. With many 
license applications in process in the early 197Os, however, the ACRS work load 
has become great. I t  has therefore been suggested that the ACRS charge be 
redefined to include tlie review of only novel concepts; applications for designs 
very similar to those previously reviewed would be processed without such 
review. 

6.255 According to standard procedures, however, after completing its 
initial review, the Division of Reactor Licensing sends a letter to  the Atomic 
Energy Commissioner i, and the Advisory Committee on Reactor Safeguards 
assigns a subcommittae, which also reviews the preliminary report. Rather 
informal meetings, att,:nded.by the DRL, the designer, and the utility, are held 
on the preliminary sai’ety analysis report. Here again, formal questions may be 
generated, answers prepared, and the chain repeated, if necessary. This same 
group then meets with the ACRS to identify and resolve problem areas. The 
ACRS subsequently issues a formal letter of approval for the plant. Next, the 
Atomic Safety and Li,:ensing Board (ASLB) conducts a public hearing at  or near 
the reactor site, where public “intervenors” may then raise questions about the 
proposed plant. Althoiigh such hearings have sometimes taken on the appearance 
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of a court trial, the purpose is to  help the ASLB decide if the plant will be safe 
or not. Once ASLB approval is obtained, the permit is issued and construction 
may start. 

OPERATING LICENSE 

6.256 The requirements for obtaining a facility operating license are similar 
to those for the construction permit except more extensive information is 
required. A final safety analysis report must provide complete technical 
specifications and high-calibre safety analyses. The follow-up nature of the 
report applies for both the quality-control program and the research and 
development effort. For example, only plans for the quality-control program 
could be described at  the time of the preliminary safety analysis report, whereas 
the results of the program and an evaluation of performance are included in the 
FSAR. Similarly the results of research and development programs initiated to  
resolve safety questions are given. 

6.257 Procedural requirements are, in general, similar to  those prescribed 
for the construction permit. For “first-round” reactors of a given concept, the 
depth of inquiry is likely t o  be great and the time required long. As backlog of 
experience develops, the necessary reviews will probably be expedited, however. 

LICENSING DEVELOPMENT 

6.258 I t  must be emphasized that licensing requirements and procedures 
are subject to  continual change. The preceding material is provided primarily for 
a picture of the care necessary in evaluating a new reactor rather than as an 
accurate description of procedures that are likely to  remain current for a long 
period. In fact, studies of licensing trends show that the question and answer 
procedure has not always been carried out according to  uniform standards.81 
Also, many of the detailed safeguard requirements involve combinations of 
mechanistic approaches and nonmechanistic assumptions* which are not always 
consistent.82 The time required for licensing has also been c r i t i ~ i z e d . ~  This has 
led to  the suggestion that the procedures be modified to  provide for an 
evaluation with public hearing of the acceptability of a site some time before a 
construction permit application is submitted. As a result, improvements will 
likely be made from time t o  time in the licensing approach without 
compromising public safety. 

*For example, “nonmechanistic” assumptions of 50 to 100% fission-product release as 
given in TID-14844 are not consistent with “mechanistic” calculations considering various 
fission-product-retention possibilities which yield a much lower value. 
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NUCLEAR CRITICALITY SAFETY 

INTRODUCTION 

6.259 Though relited to much of the previous discussion, nuclear criticality 
safetyg4 deserves sep;!rate attention since it is important in many out-of-core 
operations involving fissile material in addition to  those at the reactor plant site. 
Fuel fabrication and -eprocessing are examples. In fact, several fatalities have 
occurred from criticality accidents during fuel reprocessing. 

6.260 As large n .imbers of power reactors become operational, increasing 
amounts of fuel and fuel elements, both fresh and irradiated, will require 
handling. Shipping pr ictices and the safety technology required in fabrication 
and reprocessing plants are not within the scope of this book. The principles 
involved and the general approaches followed are indicated, however. 

PA R.4 ME TERS A F FEC TING CRI TICA L I TY 

6.261 All the factors that influence the neutron balance affect criticality 
safety when a fissile i:;otope is being handled. Important considerations, most of 
which interplay with cne another, are: 

1. Mass. The mass of fissile isotope present is related to  the neutrons 
produced. Of course, the amount of “critical mass” depends on the parameters 
that affect the balance between neutron loss and production. 

2. Geometry. Gexnetry is important because it influences the neutron 
leakage. High-neutron leakage containers in the form of long cylinders for fissile 
solutions are often used. 

3 .  Moderation. An increase in moderation like that caused by accidental 
flooding of an array of fuel pins in water generally increases the fission rate and 
causes a reduction in the critical mass that may be required. 

4. Reflection. R,:flection has an effect similar to  moderation. Other 
considerations includ,: changes in poison concentration, concentration of the 
fissile isotope, and hoinogeneity. 

APPROACHES TO CRITICALITY SAFETY 

6.262 As for most engineering work, judgment is required to apply 
standard approaches t o  a given design problem.85 Methods that may be 
considered are: 

1. Geometry control. Where possible, suffieient separation and high- 
‘neutron-leakage geometries should be provided so that the system will be in an 
“always-safe’’ conditi m. 

2. Neutron absorbers. Various poisons such as cadmium and boron, either in 
solution or in a geometric array, are useful. 
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3. Administrative control. Carefully planned operational practices that 
establish procedural limitations help to avoid accumulations of fissile materials 
that might cause criticality problems. 

4. Double-contingency requirements. The process design should include 
sufficient factors of safety so that two unlikely, independent, and concurrent 
changes in conditions are required for an incident to  occur. 

6.263 Standard design practices for fissile-material operations outside 
reactors have been incorporated in standards and codes that are continually 
being revised to incorporate new experience (56 .237) .  Quality assurance 
considerations also apply. Many of the safeguards for the reactor plant may also 
apply for nuclear criticality safety. These include instrumentation and alarm 
systems, soluble poisons, and even the possibility of containment. 

ANA L YSlS 

6.264 Design and analysis go hand in hand. The prediction of criticality 
depends on both calculation procedures and supporting experimentation. In a 
proposed operation with fissile material, the designer must consider normal and 
abnormal conditions, errors in analysis, equipment failures, and possible 
combinations of these. An acceptable design must therefore include some 
judgment on the probability of such circumstances and on the consequences of 
possible accidents which is similar t o  the evaluation of a reactor safety design. 

6.265 In simple systems direct reference to  experimental data from critical 
experiments may be adequate to establish the desired subcritical conditions. 
Such an approach may be useful in establishing minimum critical masses, 
diameters of infinitely long cylinders, and the critical thicknesses of infinite slabs 
or the effects of changes in moderator composition. Even if exact experimental 
information is not available, the desired subcritical condition can often be 
developed by interpolation. Machine computations may be necessary for more 
complex systems, however. 

6.266 Machine computational methods are similar to those used in core 
design. Comparisons with experiment are useful since a measure of the reliability 
of the calculation methods is needed as a guide to  the necessary design 
conservatism. The effective neutron multiplication constant (k , f f )  frequently 
serves as a slowly varying parameter in normalization. 

6.267 Since a nuclear criticality safety calculation should predict a 
noncritical condition with high reliability, the most conservative value should be 
selected when constants or other inputs are uncertain. The methods themselves 
can be relatively simple, with two-group approaches generally satisfactory. 
Special attention, however, must frequently be devoted to the interaction of 
units in which the neutrons escaping from a unit are replaced by a fraction of 
those escaping from another unit and vice versa. Angular distributions should 
therefore be recognized in the method. 
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Analysis 

INTRODUCTION 

7.1 The design of the reactor core is one of the most challenging areas of 
reactor engineering bccause the interplay of many parameters must be 
considered. Parameters for heat removal and neutronics are discussed in Chaps. 4 
and 5 .  Intimately re1at:d t o  these are a separate set of parameters concerned 
with the preparation and recovery of the fuel outside the reactor, the 
fuel-loading arrangement, and many of the mechanical design features of the 
fuel. I t  is therefore usel'ul to  designate this broad area of design attention as the 
fuel system. 

7.2 The selection of a proper combination of system parameters t o  achieve 
a given result is the heart of the design process (31.3). For a fuel system, 
however, choosing a ciiterion for the optimization poses some questions. The 
desire for a minimum energy cost does not necessarily lead t o  the same set of 
parameter values as an optimization t o  minimize the uranium mined for energy 
needs, although there are some economic factors associated with fuel conserva- 
tion. Should fuel con!:ervation be ignored and only a completely economic 
criterion be considerec!, the fuel design is likely t o  differ from one based on a 
compromise criterion. 4 different objective also applies to the fuel planned for a 
new reactor and that for a replacement core. When the reactor is being designed, 
both reactor and fuel parameters can be adjusted to achieve a minimum power 
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cost. Once the reactor is built, however, the reactor design can no longer be 
changed. A replacement core is therefore designed t o  achieve a minimum fuel 
cost. The designer must also consider, however, the possible importance of 
fuel-conservation parameters, which are likely t o  have an economic input if the 
period studied is long. 

7.3 An additional complication is introduced when a utility system has 
several nuclear plants and not all can be fully loaded. Loading strategy and 
fuel-system-design parameters are then based on the minimization of the 
discounted energy cost of the total system over the time span considered.’ 

7.4 The subject of this chapter is the role of the various fuel-system 
parameters in reactor design. Since much of the fuel cycle is pertinent, some 
discussion is included of such individual fuel-cycle steps as feed-material 
operations, enrichment, fabrication, and reprocessing. Fuel utilization is con- 
sidered from the designer’s viewpoint. Since fast reactors and advanced 
converters have some special fuel-system considerations, they are separately 
discussed. In many areas, however, a comprehensive treatment is not attempted 
since the overall subject is indeed a vast one. 

FUEL-CYCLE OPERATIONS 

7.5 A designer must be familiar with the various fuel-cycle operations 
before he can consider the effects of parameters on the fuel system in a 
meaningful way. Although descriptions of the various operations are generally 
available,* summary discussions are included here as a convenience and as a 
framework for subsequent treatments. 

ORE AND FEED-MATERIAL OPERATIONS 

7.6 Both uranium and thorium are found in various parts of the world in 
deposits which can be mined with varying degrees of difficulty and which yield 
ores of different grades. Therefore an ore price depends on  both mining costs 
and demand. Since the ore price is a major fuel-system parameter, some of the 
factors that affect the cost of mining are considered here. 

7.7 In the United States, uranium ore is obtained either by open-pit or 
underground mining, primarily in the Rocky Mountain area. If the ore deposit is 
within 400 ft of the surface, the decision t o  use one method or the other 
depends on an economic analysis. Generally, if there is no clear-cut advantage, 
open-pit mining is favored since lower grade ore and possible new deposits may 
be recovered during the stripping process. In many areas, however, stripping 
disfigures the land t o  an objectionable extent. Relative costs for different 
production rates are indicated in Table 7.1. “Development” refers t o  the 
activities required before production is possible a t  the normal rate. 
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TABLE 7.1 

Relative Costs for  Mining Uranium Ore* 

Mining costs, $/ton 

Open pit Underground 

200 1000 200 1000 
Category tons/day tonsIda y tons/day tonslday 

Royalty 1.75 1.75 1.75 1.75 
Primary development? 7.00 7.00 2.50 2.50 
Other capital 0.50 0.25 1.20 1.10 
Operating 2.75 2.50 9.00 7.75 

Total 12.00 11.50 14.45 13.10 

*Reference: Costs co,uidered for mining 200 and 1000 tons of 0.25% U308 ore per day 

?Stripping cost is given for a 250-ft depth; underground mining is at a 600-ft depth. 
from an ore body having ;I seven-year life. 

7.8 Uranium ore after being received at the mill near the mine is normally 
crushed and ground. Physical beneficiation, in which ore is concentrated by 
flotation or other methods, is normally not practical for uranium ores since it is 
difficult t o  separate a residue low enough in grade t o  discard. Uranium is 
therefore extracted from the ore by leaching, usually with an acid. The so-called 
pregnant liquor, now containing the uranium, is then subjected t o  one or a 
combination of several different processes, such as precipitation, ion exchange, 
or solvent extraction, to recover the uranium. A “yellow cake” consisting of 75 
to 85% U,O, is proc!uced. A typical  mill process  is s h o w n  i n  Fig. 7.1, a n d  a n  
indication of costs is given in Table 7.2. Finally, overall mining and milling 
production costs are summarized in Fig. 7.2 as a function of both throughput 
and ore grade. 

7.9 Conversion is the term for purification of the ore concentrate leading to  
the production of pure uranium hexafluoride, the feed material for the 
gaseous-diffusion enrichment plants. In other cases, however, the term applieH to 
operations yielding UOg , UF,, or even uranium metal. One objective of these 
operations is t o  reduce the impurities (materials with high absorption cross 
sections for thermal neutrons) found in the concentrate t o  a level acceptable for 
reactor use. One proc:ss for UF6, used by the Allied Chemical Corp., is shown 
schematically in Fig. 7.3. Charges for the conversion t o  UF, range from $1.04 to  
$1.25 per pound of uranium. 

URANIUM ENRICHMENT 6 Y GASEOUS DIFFUSION 

7.10 The gaseous-diffusion process394 is normally used for the isotopic 
enrichment of uraniu n. Since fuel-system costs are very dependent on the price 
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TABLE 7.2 

Representativ? Overall Costs for Mining and Milling 200 and 1000 
Tons of 0.25% UBOs Ore Per Day 

Open-pit mining Underground mining 

200 tons/day 1000 tons/day 200 tons/day 1000 tons/day 

Operation $'ton $/lb $/ton $/lb $/ton $/lb $/ton $/lb 

- 

- 

Mining 12.00 2.53 11.50 2.42 14.45 3.04 13.10 2.76 
Ore hauling l.00 0.42 2.00 0.42 2.00 0.42 2.00 0.42 
Mill operating 3.75 2.05 5.12 1.20 9.75 2.05 5.72 1.20 
Mill amortization* 1.78 0.59 1.64 0.35 2.78 0.59 1.64 0.35 

Total 25.53 5.59 20.86 4.39 28.98 6.10 22.46 4.73 

*Mill amortization is based on a 10-year period with a construction cost of $2  million at 
200 tons per day and $5.9 million at 1000 tons per day. 

I I I 1 I I 1 1  1 I I I I l l 1  
m 

- 

- 

- 
U,O, in ore 

0.20% 

I 

102 1 o3 1 

I 'RODUCTION CAPACITY, tons of  ore/calendar day 

Fig. 7.2 Typical effect of production capacity and ore grade on production 
cost. 

of the enriched product, which, in turn, depends on some of the process 
parameters, these arc: discussed here in some detail. The role of these costs in 
core management is considered in 57.55. 

7.1 1 The separation principle is based on the difference in average velocity 
between a light and a heavy isotope in a gas with each isotope at  identical kinetic 
energy at a uniform temperature. Molecules containing ' U therefore strike the 
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URANIUM-ORE CONCENTRATES 

CRUDE UF6 

CONCENTRATE 
PREPARATION 

SIZED FEED 

PURE UF6 

VOLATILE REDUCTION 
DISSOCIATED “3 - I- IMPURITIES 

Fig. 7.3 Overall process flow diagram. 

porous walls, which are in the form of tubes, more frequently than molecules 
containing * U. Since molecular transport through the porous barrier tube by 
“effusion” depends on the frequency of wall contact, the gas at lower pressure 
outside the tubes tends t o  be slightly enriched in 2 3 5 U .  In fact, with UF6 the 
separation factor (87.1 5 )  is only 1.00429; the production of 90% 2 3 5  U from 
natural-uranium feed therefore requires about 3000 such separation stages, in 
series, arranged in a cascade. 

7.12 For this process to  work, a gaseous compound of uranium must be 
used, and the hexafluoride is the only known suitable compound. Since UF6 is a 
solid a t  room temperature, the diffusion plants must be operated at tempera- 
tures and pressures necessary to  maintain the UF6 in gaseous form. Though 
a stable compound, UF6 is extremely reactive with water, is very corrosive to 
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most common metals and is not compatible with organics, such as lubricating 
oils. This chemical activity dictates the use of such metals as nickel and 
aluminum and means that the entire cascade must be leaktight and clean. The 
corrosiveness of the p :ocess gas also imposes added difficulties in the fabrication 
of barrier material, which must maintain its separative quality over long periods 
of time. 

7.13 The process concept is shown in Figs. 7.4 and 7.5. About half of the 
UF6 gas flowing insice the barrjer tube diffuses through the wall and is fed to  
the next higher stage: the remaining undiffused portion is recycled t o  the next 
lower stage. The diffused stream is slightly enriched with respect to 2 3 5 U ,  and 
the stream that has not been diffused is depleted to  the same degree. 

7.14 Figure 7.5 shows how the single stages are connected and the basic 
process equipment required. Motor-driven axial-flow compressors are used in the 
larger stages to  compi-ess the UF6 gas to  make it flow through the barrier. A gas 
cooler removes the lieat of compression at  each stage. Groups of stages are 
coupled t o  make up  operating units, and such groups, in turn, make up  the 
cascade. 

7.15 The separaiion process, involving many individual stages, is similar in 
many ways to  other stage-separation processes, such as fractional distillation, 
and makes use of many of the same principles. Our present concern, however, is 
primarily with the cast parameter, separative work, which can be considered 
initially in terms of a jingle stage. 

Let 2L = the quar tity of uranium fed t o  a single stage 
z = the * 
x = the 
y = the 

IJ assay (weight fraction) of the stage feed stream 
IJ assay of the depleted stream leaving the stage 
1J assay of the enriched stream leaving the stage 

The stage-separation ;.actor, a, is defined as 

For uranium isotopes in U F ~ ,  a Jm = 1.00429. Let 

IL=a-l  

Then, combining Eqs. 7.1 and 7.2 gives 

Since $ < 1, the rigk t-hand side can be expanded in series form: 

y = x( 1 + $)( 1 - J /x  + $Y2X2 + . . . ) 

FUEL-CYCLE OPEF ATIONS 



_I. . . . .-. . ... .., 

b LE 

U 



Neglecting higher po’,vers of  $ and rearranging gives 

y - x  = J / x ( l  - x )  (7.5) 

This gives the difference in ’ ’ U assay between the enriched and depleted 
stream leaving the slage as a result of work done by the stage. Accordingly, the 
separated effluents from the stage should have more value than the feed t o  the 
stage. Assume the existence of a “value function,” V ,  so that, for example, V ( x )  
represents the value of one unit of uranium at assay x .  Then, making a “value” 
balance around a sta:e yields 

A = L V ( x )  + L V(y) - 2 L V(z )  (7.6) 

where A is the change of  value effected by that stage. Expanding V(y) and V(z) 
about x in a Taylor’:. series gives 

V ( y ) = V ( x ) + ~ - X ) V ( x ) + - ’  2 P ( X ) t  . . .  (7.7) 

V ’ ( x )  + ( z  - x)’ V(z)  = V(x )  + ( z  ~ x )  V ( x )  + ___ 2 

From a stage ‘ ’ U balance, 

Substituting these 6,xpressions into Eq. 7.6 and neglecting terms containing the 
very small difference 01 - x) raised to powers greater than 2 gives 

Now, after substituting Eq. 7.5, we obtain 

A = -  L 9’ [ ~ ( l  - x ) ] ’  V ’ ( X )  
4 

(7.10) 

(7.1 1 )  

Since the stage wrirk per unit of feed material is independent of assay, A is 
independent of assay; then 

(7.12) 
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Equation 7.12 is an ordinary differential equation having the general solution 

X V(x) = Co + Clx + (2x - 1 )  In - 1 - x  (7.13) 

where C, and C1 are arbitrary constants. A particularly convenient form of V(x) 
arises if we let V‘(O.5) = V(0.5) = 0. Thus we completely define our “value 
function” as 

X V(x) = (2x - 1) In - 
1 - x  

(7.14) 

It is t o  be emphasized that, though V(x)  is “value” per unit of material, it should 
never be confused with price or cost of material. In  fact, it should be considered 
dimensionless. Equation 7.14 can also be developed from other considerations 
with the function V(x) then called the separation potential.’ 

7.16 Now, for the overall plant, a material balance yields 

F = P +  W (7.15) 

where F = flow rate of the feed stream 
P = flow rate of the product stream 
W = flow rate of the tails stream 

I t  is then possible t o  write 

D = W V(x,) + P V(x,) - F V(xf) (7.16) 

where D is known as the separative duty. 
7.17 The separative duty is a measure of the expense of isotope separation. 

In an ideal gaseous-diffusion cascade, for example, the total flow rate, pump 
capacity, power demand, and total barrier area are all proportional t o  the 
separative duty. Having the same dimensions as the flow rates, the separative 
duty can also be expressed in terms of a unit quantity of material, normally in 
kilograms of uranium; it is then known as the separative work, which can now 
also be designated as A, or SWU (separative work unit). 

7.18 Since the annual operating costs are proportional t o  the amount of 
separative work accomplished in a year, it is possible to  determine the cost of a 
unit of separative work, C,, normally expressed in dollars per kilogram. The cost 
of the product stream is then determined by summing the cost of the 
diffusion-plant operation (separative work cost), the cost of the feed, and the 
credit for the waste stream. 

CpP= C,A+ CfF - C, W (7.17) 
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where Cp = unit cost of the product 
Cf = unit cost of the feed 

C, = unit cost of the tails 

7.19 It  is useful t8J  develop a relation in terms of concentrations rather than 
flow rates by considering a U balance. 

x f F =  xPP t xW W 

where the subscripts ,'; p ,  and w refer to feed, product, and tails, respectively. 
Then, 

x - x w  F -  P w - x P  - x f  - 
P X f - X w  P X f - X w  

- 

Substitution of Eqs. 7 18 into Eq. 7.17 yields 

c x - x  c =s+ P w x P - x f  
p P x f - - x w C f - X f - x w  C W  

Similarly, from Eq. 7. !6, on a unit-product basis, 

xp - x w  
P . C f  - x w  X f  - x w  * - x p  - x f  V(xw)  t V ( x p )  -- V@f) 

(7.18) 

(7.19) 

(7.20) 

Combining Eqs. 7.11? and  7.20 gives the general uranium price schedule 
equation, 

x p  - x f  (7.21) xp - x w  
C W  7 ~- 

Cf X f  - xw X f -  w 

Note that the product cost consists of a separative-work component and a feed 
component. The wastl: credit is normally assumed equal to  zero. 

7.20 The optimum tails composition, the composition that minimizes the 
unit cost of the enriched product, is found by equating to  zero the first 
derivative of Eq. 7.21 with respect to x w .  The optimum tails material of 
composition, x o ,  can be shown to be that material which, if used as feed and 
assumed to have no \ d u e ,  will yield a product in an ideal cascade equal to  the 
cost of the normal feed at  the normal feed composition. Under such 
circumstances Eq. 7.2 1 reduces to  

FUEL-CYCLE OPERiITIONS 31 7 



where xo can be determined from the relation 

For a given feed concentration, the optimum composition therefore depends 
only on the ratio Cf/C,. Some values of xo as a function of Cf/C, for natural 
uranium feed (xf = 0.007 1 1) are given in Table 7.3. 

TABLE 7.3 

Optimum Tails Compositions 

Ratio of  feed cost Optimum 
to  cost tails composition, 

of separative work wt.% 

0.0 
0.2 
0.4 

0.6 
0.8 
0.9 

1.0 
1.1 
1.2 

0.7 1 I50  
0.40248 
0.32750 

0.28240 
0.25078 
0.23806 

0.22684 
0.21684 
0.20783 

Ratio of feed cost Optimum 

of separative work wt.% 
to cost tails composition, 

~~ 

1.3 
1.4 
1.5 

2.0 
2.5 
3.0 

4.0 
5 .O 
W 

0.19971 
0. I9229 
0.1 8549 

0.15840 
0.13892 
0.124 10 

0.10283 
0.08816 
0.0 

7.21 In the United States, enrichment services are provided by the U. S. 
Atomic Energy Commission according t o  a Schedule of Base Charges, in which 
both the separative-work component and feed-component coefficients ( A l p  and 
F/P) in Eq. 7.21 are listed as a function of product assay as shown in Table 7.4, 
an abridged version. An offoptimum tails assay of 0.2% has been officially 
adopted as a basis for the tabulation. As a result the table is not exactly 
represented by Eq. 7.22. Intermediate values are therefore determined by linear 
interpolation of the official, unabridged version. A toll-enrichment arrangement 
permits a customer to provide his own feed material and pay only for the 
enriching services provided. The various possibilities are clarified by the 
following example. 

A customer desires 100,000 kg of 3% product. He has the option of 
furnishing (1 )  all the feed required as normal uranium; (2 )  100,000 kg of 1% 
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assay uranium, the rest natural uranium; or (3) 100,000 kg of 0.6% assay 
uranium, the rest natural uranium. Compute the feed and separative-work 
requirements for each cption. The results are summarized as follows: 

Factor 

Table Option Option 
I from 

I 
Option 

7.4 1 2 3 

Feed required, kg U 
Normal U required 
Feed credit for 1% product 
Feed credit for 0.6% product 
Normal U feed required 

Separative work, kg SWU 

All normal feed furnished 
Credit for 1% product 
Credit for 0.6% product 
Total separative work requi: ed 

Charge for separative work 
at $32/kg SWU* 

FIP 
5.479 
1.566 
0.783 - 

A l p  

4.306 
0.380 

(0.107) 

547,900 kg 547,900 kg 547,900 kg 
156,600 

78,300 

547,900 kg 391,300 kg 469,600 kg 

430,600 kg 4 30,600 kg 430,600 kg 
38,000 

(10,700) 

44 1,300 kg 430,600 kg 392,600 kg 

$13,779,200 $12,563,200 $14,12 1,600 

*Rate subject to change f om time to time 

FABRICATION OF FUEL 

7.22  Fuel-fabrication operations and associated parameters are considered 
here primarily as a suisystem in a reactor system design. The identification of 
parameters having a noticeable effect on the reactor design is emphasized rather 
than a description of fz brication processes for their own sake. 

7.23 For this pu,.pose primary attention is given to  uranium oxide fuel 
elements. Although carbides, alloys, and dispersions are also important, oxides 
are used in most piesent reactors and serve to  illustrate the important 
parameters. Because riixed uranium oxide-plutonium oxide elements over a 
range of concentrations are also included, some of the design considerations for 
fast reactor and plutonium-recycle fuels are examined. 

7.24 Once suitable materials are selected, fabrication-process parametric 
effects of interest to the designer are related primarily t o  the cost components. 
To clarify cost effects, we can consider the fabrication process to include all 
steps required for manufacturing the finished fuel element ready for insertion in 
the reactor, starting v, ith uranyl nitrate solution from the chemical processing 
plant or with partially enriched UF, . Such a designation has not been universally 
accepted, however, sin:e frequently. the fabrication-process label applies only to  
the steps required after the oxide powder or other solid fuel material has been 
prepared. The term cowersion is then applied to  the prior process yielding the 
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TABLE 1.4 

Table of Enriching Services 

Standard table of enriching services* 

Feed component Separative work 
Assay 7 (normal), component, 

wt.% 2 3 5 u  kg U feed/& U product kg SWU/kg product 

0.20 
0.30 
0.40 
0.50 
0.60 

0.70 
0.7 11 (normal) 
0.80 
0.90 
1 .oo 
1.20 
1.40 
1.60 
1.80 
2.00 

2.20 
2.40 
2.60 
2.80 
3.00 

3.40 
3.80 
4.00 
5.00 

10.00 

90.00 
98.00 

0 
0.196 
0.391 
0.587 
0.783 

0.978 
1.000 
1.174 
1.370 
1.566 

1.957 
2.348 
2.740 
3.131 
3.523 

3.9 14 
4.305 
4.697 
5.088 
5.479 

6.262 
7.045 
7.436 
9.393 

19.178 

175.7 34 
191.389 

0 
-0.158 
-0.198 
-0.173 
-0.107 

-0,012 
0.000 
0.104 
0.236 
0.380 

0.698 
1.045 
1.413 
1.797 
2.194 

2.602 
3.018 
3.441 
3.87 I 
4.306 

5.191 
6.090 
6.544 
8.85 1 

20.863 

227.341 
269.982 

*The kilograms of  feed and separative-work components for assays 
not shown can be determined by linear interpolation between the 
nearest assays listed. 

solid from the chemical solution feed. Another term sometimes applied t o  the 
process yielding the fuel-fabrication material is fuel preparation. 

7.25 Although fabrication operations are very important in the fuel cycle, 
we can consider here only the general nature of the steps involved and the 
directions possible t o  reduce costs. The extensive technology for these 
operations is described elsewhere.’ ~ * 

7.26 A number of routes are available for the fuel material from a chemical 
solution t o  a ceramic product suitable for loading into tubes. The nature of the 
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product desired affects the process choice. Oxide fuel elements, for example, can 
be made by either of t"o general routes. Prepared oxide powder can be sintered 
into pellets in several ways. The initial powder is generally formed from 
ammonium diuranate (4DU) by a process that produces a high-density powder 
highly suitable for sintering. Most material is formed by a pressing process, 
although slip casting and extrusion are alternate methods.6 The high-density 
pellets are then loadcd into tubes. The other method involves vibrational 
compaction of the poa.der to  form a high-density material in the tube. Although 
all U. S. light-water-reictor U 0 2  fuel is made by some type of pellet process, 
vibratory compaction may have a future role with plutonium recycle fuels. 

7.27 In the vibrational compaction process, if a mixed oxide is desired, 
impactable-grade UOz can be mechanically mixed with impactable-grade h O 2 ,  
impacted in cans, crushed and sieved t o  the desired size, and finally loaded into 
fuel rods by automatic vibrator machines. 

7.28 Another interesting method for preparing vibratory-compaction feed 
material is the sol-gel process. This process was developed primarily for the 
recycle of thorium rf:actor fuels, whose handling is complicated by gamma 
activity from decay products of 3 2 U  and 2 Z 8 T h .  In addition t o  its adaptability 
to remote operation in a shielded facility, the process has the advantages of 
simplicity, flexibility, easy control of the size and shape of product particles, 
and a much lower calcination temperature required for densification. As a result 
this process may indeed become the preferred method of preparing ceramic-fuel 
materials. 

7.29 I t  appears tliat oxides or carbides of thorium, uranium, or plutonium 
suitable for vibratory packing can also be prepared from nitrate solution by the 
sol-gel process, although some development is needed. The process consists of 
four simple steps: denitration to obtain reactive oxide, dispersion of this oxide 
in dilute nitric acid tc. form a hydrosol, gelation by evaporation or extraction of 
water from the sol, anal  calcination to  produce the final powder. 

7.30 After the powder or pellet is produced, a number of additional 
operations are required in the manufacture of a finished fuel-element assembly. 
A fabrication flow shcet for pelletized fuel is shown in Fig. 7.6 and a flow sheet 
for vibratory compaction is shown in Fig. 7.7. Studies of the processes show that 
for planning purposes cost differences are small.' Furthermore, parameters t o  be 
considered here, such as throughput, apply in about the same manner to  each. 
We shall use, therefore, a mixed-oxide vibratory-compaction process for 
plutonium recycle f u d  as a reference for which the relative effects of design 
parameters can be ccnsidered. The possible effect of changes in technology on 
such trends should be recognized, however. 

7.31 One class of design variables concerns fuel-element design specifica- 
tions, and the other, the manufacturing operations and the plant required for 
them. Examples of the first class are fuel diameter, length, cladding thickness, 
and dimensional to1 Srances. Production throughput, fixed-charge rates, and 
material prices are ex:tmples of the second type of fabrication parameter. 
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Fig. 7.6 Fabrication flow sheet for rod bundles containing pelletized fuel. 

7.32 As an aid in analysis, it is useful to  divide the fabrications charges into 
three components: (1) operating charges, (2) materials, including hardware, and 
(3) fixed charges on capital-investment items. The cost of the fissile- and 
fertile-fuel materials is normally considered separately, not as part of the 
fabrication charges proper. However, fixed charges associated with the invest- 
ment in fissile and fertile material during the time required t o  perform the 
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Fig. 7.7 Fabricatijm flow sheet for vibratory compaction of fuel in rod 
bundles. 

fabrication operation ire included. Hence the important parameters become the 
cost of operations, t i e  charges for materials, and the time required for the 
processing. The fixed-:barge rate is also an important secondary parameter since 
it affects the fixed-charge cost components. 
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7.33 Fabrication costs are commonly expressed in terms of the quantity of 
contained fuel on a metal basis, i.e., in dollars per kilogram of heavy metal 
atoms. Therefore design parameters affecting the amount of contained material 
associated with a cost contribution will, in turn, affect the fabrication cost when 
expressed on the unit-fuel basis. The fuel-pin diameter and length, for example, 
affect the amount of material that can be contained within the pin. Since many 
fabrication operations, such as handling, welding, and inspection, are applied to 
the pin as a unit, such cost contributions tend t o  vary inversely with the weight 
of fuel in the rod when expressed on a unit weight basis. A typical trend is 
shown in Fig. 7.8. A model was used to describe the various fabrication-cost 
components for a mixed-oxide case." Total costs tend to be relatively constant 
on a unit weight of fuel basis provided the pin contains over approximately 1 kg 
of fuel. 

7.34 Published estimates of fabrication costs are usually based on an 
analysis of individual operations in a hypothetical manufacturing plant. Such 
results indicate to  the designer the relative importance of the individual cost 
contributions. The results of one such study completed in 1966 for a plant 
projected for about 1975 which will use 1 .O tonne (1000 kg) of fuel per day are 
given in Table 7.5 Relative costs are shown for fabricating a typical element 
(assembly) using U as the fissile component and one using plutonium. 

7.35 In general, the reactor fuel design affects only a few parameters that 
influence the cost of the fabrication-plant manufacturing operations. The 
sensitivity of fabrication cost t o  some fuel-design parameters is discussed in 
$7.137. Automation and process simplification can be applied, for example, as 
throughput increases and technology develops. A sensitivity to  an inspection 
reject rate and nuclear losses is worthy of emphasis, however. The scrap rate is 
very important since the production of large numbers of unacceptable elements 
not only reduces the plant capacity but also introduces recovery expenses and 
increases the nonrecoverable loss of valuable fissile material. 

7.36 The cost effect of changes in plant throughput depends on the design 
flexibility of  the plant. Variations in the production rate of the order of 50% are 
likely to  cause changes in cost of about 20%. Variations over a wider range, as 
determined by another s t ~ d y , ~  are shown in Fig. 7.9. A capacity of about 2 
tonnes per day on a metal-atom basis is sufficient for a 15,000-Mw(e) power 
industry. 

FUEL-REPROCESSING OPERATIONS 

7.37 After the fuel assemblies are removed from the reactor and allowed to  
cool, they are shipped t o  a reprocessing facility where the valuable fissile 
material contained therein can be recovered. Cominercial processes are based on 
the Purex solvent-extraction process with ion exchange and other processes 
sometimes used for product recovery ($7.39). The features of the Purex process 
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Fig. 7.8 Variaticin in fabrication costs with unit fuel weight per rod. (Indi- 
vidual cost components are represented by distance between curves.) 

are shown schematica!ly in Fig. 7.10 (see Ref. 2 or 5 for a detailed description of 
the process). Cost parameters, though significant, normally are not affected by 
the design of the fuel. Therefore only the general characteristics from the cost 
viewpoint are considered here. 

7.38 The general layout for a nominal 1 tonne/day plant operated by 
Nuclear Fuel Services, Inc. (NFS) is shown in Fig. 7.1 1. Substantial effort is 
required to  prepare the fuel for the solvent-extraction operations. In addition to 
the initial separation of fission products and uranium from plutonium, a number 
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TABLE 7.5 

Fuel-Assembly Fabrication Costs' 

Cost per assembly,* $ 

3% u02 2.9% P u O ~  -U02 

Building and equipment 1,264 1,490 
2,112 2,664 Operating labor 

Rework labor 93 1 1 5  

3 

Direct materials 

Indirect manufacturing 

Nuclear losses 
Ordinary losses 

expense 

.-I 

10,697 14,415 

3,030 3,625 
1,165 1,170 

1 05 152 

254 336 
8 04 822 
133  712 
368 368 

Total ($/element) 20,621 25,929 

41.69 52.40 Total ($/kgU+pu) 

Working capital 
Use charge 
Fixed manufacturing cost 
Fixed nonmanufactunng cost 

*Assembly contains 494 kg of oxide in 234 tube$. 

L 

200 1 I I I I l I I (  I 
Amortization 

100 4 

of stages of extraction are required to  obtain adequately pure product streams. 
For example, after the partitioning extraction cycle, the uranium stream is 
further treated by two additional, consecutive extraction cycles and then 
purified after concentration by passage through silica-gel beds. Similarly the 
plutonium-product stream from the partition cycle is reextracted once and then 
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purified by ion exchange. Auxiliary operations are very important in the overall 
process and add t o  the complexity of the plant. These include organic solvent 
recovery, acid recover)’, waste-stream recovery, and waste management. 

7.39 A somewh;it different approach, used by the General Electric 
Company in the Midwest Fuel Reprocessing Plant, the Aquafluor process, is 
shown schematically in Fig. 7.12. Mechanical feed preparation followed by 
leaching is similar to  ihe Nuclear Fuel Services, Inc., operation; however, only a 
single cycle of solvent extraction is used to  separate recoverable actinide 
elements from the fission products. Plutonium and neptunium are then 
recovered by ion excl- ange in the form of a nitrate solution. Next, uranyl nitrate 
hexahydrate stream fr2m ion exchange is calcined in a fluidized-bed operation to  
form U 0 3 ,  which is then fluorinated in a second fluidized bed. Here the less 
volatile fission products that have been carried along up  to this point are 
retained with the inert bed material. The UF6 product is further purified by 
passing the gas throufh  NaF and MgF, beds to  remove traces of plutonium and 
fission products. 

FUEL STORAGE 

DISSOLUTION 

I USTREAM FISSION-PRODUCT WASTE - 
Pu STREAM A- I I 

Pu EXTRACTION +’ 
ANION EXCHANGf +’ 

1 Pu CONCENTRATIC’N 1 

I FIRST-CYCLE U EXTRACTION I 

SECOND-CYCLE U EXTRACTION + 
U-PRODUCT CONCENTRATION 

AND PURIFICATION I 
t 

U PRODUCT 
t 

Pu PRODUCT 

Fig. 7.10 Purex process operations. 
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Fig. 7.1 1 General plant layout for a nominal I tonne/day fuel-reprocessing facility. The primary areas 
of the process building are arranged in a YJ”; fuel in shielded casks is brought by rail or truck to  the 
unloading area at one end, and purified products are shipped from the other end. 

The receiving and storage area, served by a 100-ton overhead crane, contains washdown facilities 
to clean external surfaces, cask decontamination pit, unloading pool, and fuel-storage pool. Fuel 
elements are taken from the storage pool to  the mechanical-process cell by means of an underwater 
cnnveyor. Here. the fuel is sheared and then dropped through a chute into dissolver baskets in the 
general-purpose cell. Dissolver batches are transferred through a hatch into the cIlemcal-proCess wii, 
where the fuel is leached and the cladding returned to the general-purpose cell for inspection and 
packaging. Except for the sheared fuel, all product transfers into and out  of the chemical-process cell 
are as liquids. In the other leg of the “U” are three solventextraction cells and a cell for final product 
purification and concentration. 

In the second building level (above that shown in the diagram) are chemical-process cell and 
extraction-cell operating aisles; in the third level, analytical facilities; and, in the fourth level, the 
control room, where flow adjustment and fluid transfer are controlled. Above the control room are 
cold-chemical makeup facilities and filters. [From T. L. Cramer, NFS: First Fuel Reprocessor, 
Nucleonics, 24(12): 49 (1966).] 
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Fig. 7.12 Aquafluor process operations. 

7.40 As for most kinds of chemical processing plants, unit costs tend to  
decrease as the capacity of the spent-fuel processing plant is increased. This 
trend, however, is limited by the necessity of maintaining nuclear-criticality 
control and, in aqueous processing, by possible limited ability to  dispose of 
dilute wastes at a given site.'* 

7.41 For example, fission-product tritium, which initially appears in the 
dissolver solution, follows the dilute aqueous effluent streams that normally are 
not stored but are disposed as low-level wastes. Since a fuel having an exposure 
of 20,000 Mwd/tonne yields a tritium activity of 260 curies, a 1 tonne/day 
processing facility would require access t o  a river having a flow of 84 million 
gallons per day to meet an acceptable surface-water concentration of 
pc/ml. Other radionuclides such as "Sr which have very low permissible 
concentration levels in waste streams must also be considered. 

7.42 Nonaqueous methods of processing reactor fuels, such as fluid-bed 
fluoride volatility and pyrochemical processes, generally have smaller and more 
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manageable volumes of waste than the aqueous methods have. These methods 
have not been developed to  the same degree as the aqueous processes, however. 
For design purposes, therefore, it appears reasonable t o  assume reprocessing 
costs only slightly below the Nuclear Fuel Services. Inc., rates since the effect of 
process improvemenls and larger scale is likely t o  be compensated by 
inflationary economic trends. Cost contributions tend to  be similar in nature to  
those in fabrication. “he fixed charges associated with both the value of the fuel 
and the plant investmixit depend on the time required for processing. Day-to-day 
operating expenses, the cost of materials, and perhaps a separate category for 
waste disposal, compl :te the charges. 

COST-ANAL’V’SIS METHODS AND FUEL MANAGEMENT 

INTRODUCTION 

7.43 The fuel-ccst approach described in Chap. 3 is useful in comparing 
reactor concepts ant1 in highlighting the relative importance of the various 
contributions. In pr: ctice, however, an electric utility company would use a 
different system consistent with its accounting procedures. Furthermore, the 
utility must have cos information available for operational decisions and for the 
specification of repk cement cores. Cost-analysis methods must therefore meet 
these requirements. Since there is considerable interplay between the operational 
and planning requirements, the overall effort can be called nuclear fuel 
management. 

7.44 A cost analysis method generally should have the ability t o  report 
details for each accounting period, usually 1 month, as well as for longer term 
averages and totals. A given reactor may contain several different batches of fuel 
with different exposiire histones. Other batches of fuel may also be at different 
stages of the fuel-cycle “pipeline” at a particular time. Since each batch has 
associated with it in1 estment and processing-operation costs as well as a change 
in value due t o  the energy extracted from it while in the reactor, one of the 
engineering-economy concepts discussed in Chap. 2 must be applied t o  account 
for the time value of money. The various expenditures and credits that apply to  
each batch in the reai:tor can thus be reduced to  a consistent basis. 

7.45 The changc in value of  money with time could be handled by relating 
all changes in value o f  the fuel t o  the actual cash flow when payments are made 
for expenses and for credits received. More useful for the study of parametric 
effects, however, is the variation in fuel investment with time, as shown in Fig. 
7.13. The present-worth concept can then be applied to  the value on a monthly 
basis or  according to an assumed payment schedule. In Fig. 7.13 the value of the 
fuel shown reflects 1 he cost of operations performed on the fuel at each stage. 
Prior t o  reprocessing, for example, the fuel value is less than the salvage value 
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Fig. 7.1 3 Fuel-investment pattern (not to scale). 

and increases during the reprocessing operation. Reprocessing would no 
justified if this minimum value proved t o  be zero. 

be 

7.46 Cost analysis easily lends itself t o  computer calculation, and a number 
of codes have been developed for computing fuel costs.’ Although most codes 
are written primarily for conceptual design, CINCAS-I1 is an example of a 
cost-analysis code’ for use by  the nuclear-power-station operator. A discussion 
of some of the features of this code brings out some of the general 
characteristics of cost analysis. 

7.47 In CINCAS-11, fuel costs are calculated on an accrual basis for each 
month the fuel is in the reactor. The direct costs are allocated t o  each month in 
proportion t o  the fission heat produced during the month so that all accounts 
balance out when the batch is withdrawn from the reactor. Cost categories, or 
accounts, are set up  for each of five “direct” costs: uranium depletion, 
spent-fuel shipping, chemical reprocessing and reclaimed-uranium conversion, 
fabrication, and plutonium credit. Debt charges, income taxes, and return on 
capital are treated by levying a composite-interest, or “inventory,” charge each 
month based on the inventory value at  the beginning of that month. These 
inventory charges are divided into four categories: uranium, plutonium, 
fabrication, and postirradiation. Preirradiation charges are treated as interest 
during construction and assigned t o  the beginning inventory values. Various 
engineering-economy parameters can be accommodated, results being available 
in terms of equivalent annual cash flows and other options. 

7.48 The cost of fuel as a function of the energy generated in a given reactor 
is important knowledge in planning the operations for load changes. When several 
reactor plants are interconnected, for example, any increase in system load is 
assigned so that the incremental cost will be minimal. This will normally be true 
if the reactor having the lowest incremental fuel cost is loaded first and so on. 
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Computerized cost ana!ysis is almost essential for such a system-wide operational 
approach. 

7.49 The status ctf the fuel in the reactor core as a function of time and 
position must be k n o v n  for an accurate assessment of the cost status. Thus a 
nuclear-depletion calculation giving an isotopic-composition distribution is 
important in the cos1 analysis. Once the isotopic composition is known, the 
reactivity inventory, fuel value, and energy-generation capability can be 
determined. Computer codes that can be applied t o  this phase of the analysis are 
described in Chap. 5. 

7.50 A comprom se is normally necessary in the spatial detail described. An 
individual fuel assembly, the smallest integral unit, is followed for accounting 
purposes from fabrication to  reprocessing, since the number of assemblies in a 
batch may vary from one operation t o  the next. However, spatial averaging for 
the depletion calculation is normally required since the fine-detail representation 
'necessary for individ la1 fuel assemblies consumes excessive computer time 
( 5  5.98). 

7.51 Questions also arise in the financial and accounting aspects of the 
analysis. Owing to posjible differences in the rate-making basis and tax structure, 
the labeling of charges can affect costs. One question, for example, is whether 
nuclear fuel should be classified on the balance sheet as a current or a fixed asset 
and, if the latter, whether it should be shown separately or as part of the utility 
plant. Currently the fiiel is treated as a separate plant item with its own write-off 
period. 

7.52 Some cost codes (53.61) provide for the capitalization of the first 
core and its depreciation over the life of the plant. This presents the possibility 
of a tax saving and xggests that all customers using the product of the plant 
should share a portio? of the relatively high cost of the first core load. On the 
other hand, it is not  :onsidered sound policy t o  continue entering on the books 
sums relating to  physical objects long since consumed and replaced. Core- 
management strategy schemes (57.66) also tend t o  decrease the importance of 
the first core. Thus fiist-core capitalization n o  longer appears appropriate. 

FUEL MANAGEMENT 

7.53 In nuclear-i'uel management, strategies and policies for the entire fuel 
cycle are formed t o  effect a minimum energy cost. Cost analysis, therefore, is an 
important tool. The problem lends itself t o  an operations research approach that 

, requires an analytical model of the system and the use of optimization 
I techniques t o  determine the best combination of parameters. Systematic search 

and analysis techniques applicable to this problem are being developed. Some 
examples are described in Chap. 9. 

7.54 Fuel manaiement has an impact on the fuel cost at various points in 
the fuel cycle where decisions are called for. These include: 
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1 .  Concentrate procurement. 
2. Conversion. 7. Reprocessing. 
3. Enrichment. 8. By-product disposition. 
4. Fabrication. 9. Uranium reconversion. 
5 .  Reactor use. 10. Plutonium disposition. 

6 .  Spent-file1 shipment. 

7.55 Since the fuel-cycle system is quite complex with extensive interplay 
between parameters, a sensitivity analysis that considers merely the effect of a 
change of a single parameter with all others remaining constant is not very 
meaningful. However, such a study does provide a qualitative guide to areas 
worthy of  attention. The relative contributions of fuel-cycle cost parameters for 
a typical 1000-Mw(e) pressurized-water reactor' are indicated in Table 7.6. 
Here a 10% variation in each parameter is reflected in a corresponding change in 
fuel cost. Since substantial sums of money are associated with small changes in 
fuel-cycle costs, detailed analysis and the application of sophisticated operations- 
research methods appear justified as an aid in making management decisions at 
appropriate points in the fuel cycle.' ' The widely varying organizational 
approaches that can be used are not considered here, although some of the 
interplays involved are discussed. 

TABLE 7.6 

Fuel-Cycle Cost-Sensitivity Analysis 

Effect o f  10% change in parameter 

Change in Cost, $/year 
Parameter fuel cost, % at 1000 Mw(e) 

Enriching charge 3.1 4 15,000 
Burnup 2.8 315,000 
U 3 0 8  price 2.8 315,000 
Fabrication charge 2.5 7-80,000 

Pu credit 1.2 135,000 
Reprocessing charge 1.1 124,000 
Shipping charge 0.2 22,000 

POWER DISPATCHING AND OTHER OPERATING PARAMETERS 

7.56 The utility company operator of a system consisting of a number of 
generating plants (units), which are normally at  different locations, must decide 
how t o  adjust the power output of individual units as the power load on the 
entire system changes. This decision must effect minimum overall generating 
costs; therefore an increasing load is assigned first t o  uni ts  with lower 
incremental operating costs ( 8  2.18). 
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7.57 For fossil f u d s  the incremental cost is easily determined once the cost 
of the fuel, its heating value, and the thermal efficiency of the unit as a function 
of capacity are known. However, for nuclear fuel, which remains in the reactor 
for several years, there are large financing charges that depend on how rapidly 
the fuel is used. Furthermore, since the reactor is loaded with fractions of the 
core at different times and the performance of one assembly affects that of its 
neighbors, the power-dispatching decision affects future decisions.' Parameters 
for subsequent batche:: include the batch size, enrichment, cycle times, in-core 
loading patterns, and design of  the fuel. An economic model for the incremental 
costs for nuclear fuels is therefore quite complex and is undergoing develop- 
ment. Associated parameters are part of fuel management. 

7.58 Although fL.el-cycle optimization studies using simplified models 
provide a useful design reference, the possibility of operating-plan changes must 
also be considered. S~ff ic ien t  flexibility in design of both the reactor and the 
fuel system should bc retained t o  accommodate such changes. For  example, 
unexpected outages 01' load changes might cause a change in refueling interval. 
Changes in economic parameters or advances in technology might also shift the 
optimum in a reference design. In addition t o  using fuel management t o  respond 
t o  many such change?, the reactor operator can call on the management of 
power, coolant, and neutron absorbers.' 

7.59 The refuelin: cycle can be stretched out by power management, which 
could include shifting from base-load operation at rated power t o  load-following 
operation, perhaps on a partial basis. Coolant management provides additional 
flexibility, particularly for a boiling-water reactor. For example, the i d e t  
temperature t o  the rcactor core can be reduced by valving off some of the 
feedwater  heaters ,  wil h a result ing shif t  in the axial power  dis t r ibut ion due  to 
the large negative coo ant coefficient of reactivity. Similarly changes in coolant 
flow can shift the void fraction and hence the degree of moderation. This 
changes in turn the local reactivity and such characteristics as the power 
distribution and amou'it of plutonium production. 

7.60 Neutron-abs'vber management includes control-rod positioning and, 
in boiling-water reactors, temporary absorber-removal strategies for optimizing 
,available excess reactiiity b y  shaping power distribution. The ability t o  use this 
flexibility depends on system requirements coupled with load-following strategy 
and the thermal margin (94.54). For  example, fuel-cycle costs can be decreased 
by operating the reactor, over most of the cycle, with the power peaked t o  the 
bottom of the core tc  increase steam voids and plutonium production and then, 
at the end of the cycle, with the power peaked toward the top of the reactor to  
gain reactivity. However, in practice the picture is more complex since the need 
.to have bottom-entering control elements withdrawn at the end of cycle and the 
desirability of minimizing the power-peaking factor during operation favor a 
bottom-skewed powel shape at  end of life. Furthermore, unless the changes are 
completely programried, the utility system interactions could offset the 
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fuel-cycle cost gains since the increase in reactivity could move the refueling 
period into an interval wherein the cost of substitute energy could be large. 

7.61 In-core fuel management is both an operating and a design parameter. 
To illustrate the type of challenge it presents, we shall treat the subject 
separately in the following section. 

CORE MANAGEMENT 

IN TR 0 D UC TI 0 N 

7.62 Core management concerns the strategy of fuel loading in the core. 
Since the reactor core can be considered a subsystem of the larger fuel-cycle 
syktem, core management is part of the fuel-management challenge. Its  primary 
aim is t o  optimize fuel-depletion parameters to  minimize fuel costs while 
meeting a continuous power capability. To accomplish this, the strategy should 
yield the most uniform power distribution, consistent with other design 
requirements, at all times during operation. In addition, burnup among the 
discharged fuel assemblies should be as uniform as possible. For water reactors 
the desired uniform-burnup value is of the order of 30,000 Mwd(t)/tonne but is 
subject t o  optimization. 

7.63 Various schemes have been proposed t o  meet these general objectives. 
In most cases the loading of the fuel is staggered so that a t  any one time there 
are in the core both fresh fuel containing few fission products and fuel subjected 
t o  substantial burnup. The reactivity associated with the insertion of fresh fuel 
extends the exposure possible with the depleted fuel; a t  the same time, the older 
fuel, serving somewhat like burnable poison, compensates for this reactivity 
without requiring a large reactivity inventory in the control rods. 

7.64 As a general trend the enrichment of the fresh fuel must be increased 
as greater and greater burnups are sought. Local areas of high enrichment, 
however, can lead t o  undesirable local areas of higher power. Therefore the 
neutronic coupling between one area and another becomes important in 
planning the loading. A rather complicated interplay between a number of 
factors, such as enrichment, reactivity, neutron transport, and power, each 
dependent on both time and space, affects the problem. Compromises are 
therefore necessary in practice, particularly in attempting t o  meet requirements 
for burnup and power distribution. Conditions that would be off-optimum if 
each were considered alone may therefore be specified. 

7.65 As an additional complication the initial core-loading pattern may 
differ markedly from the so-called equilibrium loading scheme, which may be 
repeated a number of  times during the reactor lifetime. However, since a fuel 
batch remains in the core for about 3 years, the attainment of an equilibrium 
cycle may require a significant fraction of the reactor lifetime. Hence strategies 
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that result in minimuin costs over the reactor lifetime and not merely under 
equilibrium condition; are needed. Computer-based optimization procedures 
(89.96) show promise for developing needed loading schemes. 

FUEL-L OADING SCHEMES 

7.66 There are a number of different fuel-loading schemes that can be 
evaluated by  carrying out depletion calculations and determining the power 
distribution as a function of burnup. A study with a medium-size pressurized- 
water-reactor (PWR) core illustrates some of the problems that can be 
encountered with suggested schemes.' Some design specifications for a 
1347-Mw(t) three-fue -zone reference reactor used in the study are given in 
Table 7.7 Although t i e  power is somewhat smaller than that in many current 
designs, the results are generally applicable. 

7.67 In the s i m p h t  core-management approach, the entire core is loaded as 
a batch with fuel of a single enrichment. However, thus arrangement suffers from 
both low burnup and a high peak-to-average power ratio. Power distribution can 
be improved by  varyng the enrichment of the fuel in the core. Generally, a 

TABLE 7.7 

Pressuri::ed-Water Reference Reactor Characteristics 
for Core-Management Study' 

Heat output, Mw 
Core diameter, in. 
Core height, in. 
Loading technique 
Full-power lifetime, first cycle, hr 
Average first-cycle burnu I, Mwd/tonne U 

1347 
110.9 
120.0 

3-region: nonuniform 
13,800 
13,500 

Fuel-region values Central* Intermediate Outer 

Initial weight of 

Discharge weight of uranium 

Initial enrichment 

uranium per charge, b g 19,450 19,080 18,800 

in first charge, kg 18,600 

wt.% *35u  3.15 3.4 3.85 
Dischar e enrichment 

Plutonium produced pr'r 
wt.% $ 3  5" 

charge, kg 

1 . I 4  

134 

Initial conversion ratio 
Number of fuel assemblic,s 
UOz rods per assembly 

0.50 
157 
180 

*Central region contz ins one more assembly than the other regions. 
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Fig. 7.14 Power-density pattern in a three-region core with out-in cycling. 

cyclic scheme in which only part of the core is loaded at one time is necessary t o  
achieve uniform burnup and yet provide the desired spatial variation of 
enrichment. Several such schemes are possible, however, and must be evaluated 
under a given set of  conditions. 

7.68 In an out-in procedure, fresh fuel is added t o  an outer region or 
zone of the core and then “shuffled” to an intermediate region when the next 
batch of new fuel is added at  the next shutdown. Finally, in a three-zone core, 
the original batch of fuel is moved t o  the central region for its last period of 
exposure in the core. At  first glance, this approach appears t o  meet most of the 
objectives listed since the depleted, poisoned fuel is in a region of high-neutron 
importance and tends t o  depress the central power density, which would other- 
wise be higher than the remainder of the core. Fresh fuel in the outside high- 
leakage area also tends t o  boost the power density in this region and to give an 
overall flat distribution. In a large core with high fuel burnup, however, a power- 
distribution graph at equilibrium is similar to that shown in Fig. 7.14. The square 
of the radius is used as the abscissa to  show the equal-volume zones in the core 
better. Nominal peak-to-average calculated values that do not include any margin 
for uncertainties are shown. A power depression is found in the central region, a 
result of loose nuclear coupling characteristic of large cores and the high 
depletion due t o  the large burnup (25,000 Mwd/tonne U). In other words, the 
reactivity of the oldest fuel was not sufficient t o  give adequate power generation 
in the central region. 

7.69 In a second approach, the Roundelay or scatter scheme (Fig. 7.15), 
the fuel is loaded in a checkerboard pattern where fuel elements of  different 
degrees of burnup are evenly distributed. The fuel is loaded at staggered times 
but  remains in one core position throughout its exposure. At the end of each 
loading cycle, the one-third of the fuel that has been in the reactor for three 
cycles, or burnup periods, is replaced with fresh fuel. The variation in reactivity 
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Fig. 7.15 Core layc8ut for Roundelay or scatter refueling. (All fuel elements 
with the same patte-n are discharged a t  the same time.) 

between adjacent fuel assemblies of different previous exposures flattens the 
power-density distribution. The loading of fresh fuel adjacent t o  depleted fuel 
provides strong coupling between fuel assemblies, increases the power produc- 
tion from the burned assemblies, and a t  the same time reduces the peaking effect 
in the fresh fuel. An additional advantage is that only one-third of  the elements 
is handled at each refueling. 

7.70 Again power-distribution graphs provide a basis for evaluating the 
scheme. Figure 7.16 shows that fresh fuel loaded near the center causes excessive 
power peaking. The high-enrichment fuel introduced in a region of high neutron 
importance produces il high local fission rate despite the “damping” influence of 
adjacent depleted fuel. One reason for this is that the desire for high burnup 
requires the introduction of  fuel having a higher enrichment than would 
otherwise be necessary. Therefore a logical improvement would be a scheme 
which avoids insertin: fresh fuel in the center but which introduces enough 
reactivity in that regio 1 t o  prevent a flux depression. 
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Fig. 7.16 Power distribution for Roundelay fuel cycling (equilibrium core). 
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Fig. 7.17 Modified out-in equilibrium fuel-loading scheme. 
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7.71 One problem with scatter loading of PWR’s is an excessive power- 

density ripple from one assembly to  the next which could be reduced by 
reducing the size of  the fuel assemblies. If rod-cluster control assemblies ($6.50) 
are used, however, such a reduction is not practical, since 16 small control rods 
are distributed throughout a number of the fuel assemblies. 

7.72 Another approach t o  the problem, called the modified out-in 
fuel-cycling program, i!. shown in Fig. 7.17. In this method fresh-fuel assemblies 
are generally located 01 the perimeter of the core, and once- and twice-burned 
assemblies are placed mostly in the intermediate and inner regions, respectively. 
However, the more reactive fuel assemblies are placed in areas of power 
depression, and highly depleted assemblies, which contribute little reactivity, are 
placed in areas of high power density. In this way, coupling is improved among 
the fresh, once-burned, and twice-burned assemblies. Thus some fresh or 
once-burned fuel can be exchanged for some of the twice-burned fuel to  
eliminate the center region power “dishing” shown in Fig. 7.14. This technique, 
giving a favorable peak-to-average power-distribution ratio of 1.52, is undergoing 
more-detailed analysis. A similar scheme was actually used for the San Onofre 
Reactor initial loading. 

7.73 The loading of initial cores and the arrangement for reload fuel 
batches for PWR’s are planned on the basis of both operating experience and the 
physics analysis of m my candidate arrangements. Since many parameters are 
involved, including the programming of control elements during operation, 
techniques vary som6,what from one reactor manufacturer t o  another, and 
standard approaches have not yet evolved. For example, Fig. 7.18 shows a 
recommended scheme somewhat different from that in Fig. 7.17. A different 
type of representation for another PWR core-loading scheme is shown in Fig. 
7.19, where numerals designate the number of cycles burned for each assembly 
in a ‘/,-core arrangement. Also shown is the calculated power distribution 
expressed as the ratio of assembly to average power under equilibrium-cycle 
conditions, with the maximum of 1.545 indicated for the central assembly.20 

7.74 Although the general objectives and approaches used for a boiling- 
water reactor (BWR) are similar t o  those for a pressurized-water system, there 
are some differences. ‘The square BWR fuel assemblies tend to be smaller, of the 
order of 5.5 in. on a side, instead of 8.5 in., with perhaps 49 rods instead of 200 
as in a PWR assembly. This design trend is consistent with the use of cruciform 
control elements in the BWR and rod-cluster elements in the PWR ($6.47). As a 
result the degree of homogenization is better in the BWR with less local peaking 
of power between adjacent fuel assemblies of different exposure. However, Fig. 
7.20 shows that, witlun a given fuel assembly, fuel of different enrichments is 
used in the outer rtids to reduce the power ripple, particularly when the 
cruciform element is r o t  in position. 

7.75 In a BWR, control-rod movement and adpstment  of the void 
distribution by varying the recirculation rate can be used to  flatten the power 
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Fig. 7.18 Reactor fuel-loading scheme for an 800-Mw(e) pressurized-water 
reactor core. 

distribution. In this way the spatial distribution of fuel burnup can also be 
controlled t o  counteract the effect of voids at the end of the fuel-exposure 
period when few control rods remain in the core. Chemical-shim control with 
burnable boron compounds in the coolant is normally used for tlus purpose in 
pressurized-water reactors. In this case flux distortion is avoided since the 
uniform distribution of poison permits normal operation with most of the 
control rods out of the core. 

7.76 A typical large [lOOO-Mw(e)] BWR may have a modified-scatter, or 
modified-Roundelay, core-management scheme in which fresh fuel first is 
inserted in the outer 25% of the core and then, after one exposure period, is 
shuffled into a vacated position in a one-in-three scatter pattern in the central 
75% of the core. The vacancy is produced when the depleted fuel is removed 
from the pattern in the central region. Once the fuel is moved into the scatter 
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Fig. 7.19 Presi:urized-water-reactor core arrangement and power distribution 
at end-of-life ecpilibrium-cycle conditions. 

pattern, it is not mcved again until discharge. Therefore, during each refueling 
shutdown, three separate fuel batches are handled, each batch amounting to  25% 
of the core. Figure 7.21 shows this pattern schematically.” ,’’ 

REFUiFLING TIME AND PLANTA VAILABJLJTY 

7.77 Since the outage time for refueling affects plant availability signifi- 
cantly, the associated economics is included in the evaluation of various 
core-management sc.hemes. A reasonably long interval between refueling, 
approximately 12 mmths ,  is desirable for water-cooled reactors because most of 
the outage time is required for shutting-down and starting-up operations rather 
than for the actual fuel handling. Typical operational time percentages for a 
BWR outage” of 13 to 20 days are summarized inTable / .8. Time is provided 
within the categoric s listed for normal additional outage tasks and problems. 
These include in-vcssel inspections, fuel-assembly inspections, dry-well seal 
testing, control-rod inspection, gamma scanning, control-curtain removal, sample 
coupon work, equiFment failures, delays due to lack of visibility, loss of items 
into the vessel, containment-pressure tests, cold-criticality tests, excessive- 
contamination prc’blems, personnel-exposure problems, major internal- 
replacement difficul ries, and drive-replacement difficulties. 
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Fig. 7.20 Typical boiling-water-reactor core-lattice unit. 

FUEL ECONOMY 

INTRODUCTION 

7.78 Uranium-requirement projections for light-water-reactor needs in the 
United States during the next few decades show that the supply of low cost are 
is not likely to  be adequate unless the energy potential of the fertile component 
of the fuel can be made available. The parameters affecting fuel economy, which 
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SCI~TTER REGION 

FRESH FUEL 1% CORE) 
CHARGED INTO REACTOR 

FUEL ( %  CORE) MOVED TO 
CENTER SCATTER AFTER ONE 
EXPOSURE CYCLE 

DEPLETED FUEL (!5% OF CORE) DISCHARGED FROM ONE-IN-THREE 
SCATTER PATTER ‘4 I N  CENTRAL 75% OF CORE 

Fig. 7.2 1 Typical scatter-refueling pattern for a boitingwater reactor. 

TABLE 7.8 

Boiling Water Reactor Refueling Outage Operations 

Operations Outage time, o/o 
_- 

Prepare to open vessel 8 
5 
9 

Unload fuel 25% of core 9 
Shuffle fuel 25% of core 6 
Load fuel 25% of core 7 

I O  
Replace control rods rerroved 19 

Prepare to close vessel 6 

Pre-start-up tests and polver stepping 8 

Total 100 

Open vessel and remove c ryer and separator 
Sip fuel (remove leaking .issernblies) 

Replace in-core flux mor itors 

Test new core 4 

Close vessel 9 

include possible ful:l-use patterns, are therefore important in the long-term 
analysis of the reactor fuel system. Plutonium recovered from light-water-reactor 
fuels, for example, could be recycled to reduce the need for new uranium. 
Various use pattern:. and associated parameters that might affect the design of a 
reactor system are d scussed, therefore. 

7.79 Predictior of the quantities of fuel materials that will be required is 
helpful. Estimates of future uranium-ore requirements and of plutonium 
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available from reprocessed fuel are based 011 forecasts of nuclear-power growth 
through 1980 and beyond. The forecasts, however, have varied by about 30% 
not only on the basis of when they were made but  also among forecasters. In  the 
early 1970s, licensing delays further complicated predictions. The pattern 
among fuel flows, therefore, is more pertinent than the absolute numbers 
involved, which are subject t o  the uncertainty of the forecasts. 

End of 
calendar year Mw(e) 

1974 47,000 
1975 6 1,000 
1976 74,000 
1977 9 1,000 

End of 
calendar year Mw(e) 

1978 108,000 
1979 124,000 
1980 145,000 

7.80 We shall use an estimate of  projected capacities in the middle of the 
range as a basis. This forecast, for an installed capacity in the United States of 
145,000 Mw(e) in 1980, is shown in Table 7.9. The trend is represented by the 
equation 

C = 3 3 , 0 0 0 +  12,500t-t 500t2 

where C is the capacity in megawatts and t is the time in years after 1973. 
Extrapolating according t o  this relation beyond 1980 gives a capacity of 
255,000 Mw(e) for 1985 and 735,000 Mw(e) for the year 2000. 

7.81 A picture of ore requirements and recovered fuel23 was developed 
from the reactor parameters in Table 7.1 0. Certain assumptions for processing 
times and losses were also necessary. For example, for 1973 a period of 30 
months was assumed between U 3 0 8  procurement and initial full-power 
operation; this period decreases t o  18 months after 1976. Replacement cores 
require only 12 months since fractional core batches are involved and start-up 
experiments are shorter. 

7.82 It was assumed that procurement of enriched uranium in UF6 allows 
an excess of 4% for cold scrap generated during fabrication of fuel elements, that 
losses during fabrication amount t o  1%, and that recovery of the remaining 3% 
for reuse occurs 12 months after procurement. Twelve months is allowed after 
irradiation of  fuel for cooling, shipment, and chemical processing, with losses of 
1.3% for uranium and 1% for plutonium. Recycle of the discharged plutonium 
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TABLE 7.10 

Assum8:d Design Parameters for Fuel Utilization 2 3  

Boiling-water Pressurized-water 
Parameter reactor reactor 

Thermal efficiency, % 
Capacity factor, % 
Specific power, Mw(t)/tcmne U 

32.5 
85 
22 

32.5 
85 
34 

Initial core, average 
Irradiation level, Mwd(t)/tonne U 2 1,000 26,000 
Fresh-fuel assay, wt.% 3 s  U 2.2 2.8 
Spent-fuel assay, wt.% 2 3 5 ~  0.8 0.9 
Fissile plutonium discliarged, kg/tonne U 4.9 5.7 

Replacement loadings, tipical 
Irradiation level, Mwdi t)/tonne U 
Fresh-fuel assay, wt.% 2 3 5 U  2.6 

5.4 

28,000 

Spent-fuel assay, wt.% 2 3 5 ~  0.8 
Fissile plutonium disc iarged, kg/tonne U 

32,000 
3.4 
0.9 
7.4 

TABLE 7.1 1 

Annual Uranium Requirements for Forecast 
U. S. Nuclear-Power Capacity 

u20Q fuel. lo3 tons 

Yea:, Without recycle With Pu recycle 

1968-1972 38.8 
1973 14.6 
1974 15.6 

1975 
1976 
1977 

1978 
1979 
1980 

22.6 
26.2 
29.1 

33.5 
37.7 
42.5 

Total (1968-1980) 260.6 

38.8 
14.3 
14.6 

21.2 
24.3 
26.3 

30.2 
33.7 
37.4 

240.8 

to the reactor as an option was considered and a period of 2 years allowed from 
the time of  discharge to reinsertion in the reactor. 

7.83 Annual rbet requirements for natural-uranium feed to produce en- 
riched fuel for the forecast capacity are given in Table 7.1 1 .  These values are 
based on a diffusicn-plant tails assay of 0.2% U. Should the assay value be 
raised, as is likely, Nncreased quantities of natural uranium will be needed. When 
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TABLE 7.12 

Estimated Annual Quantity of Irradiated Fuel 
from U. S. Water Reactors 

Recovered 
Discharged Discharged plutonium (fissile), 

Calendar year uranium, tonnes plutonium, kg kg 

1973 
1974 
1975 
1976 
1977 

I978 
1979 
1980 
1981 
1982 

580 
870 

1,100 
1.600 
2.100 

2,500 
3,000 
3,600 
4,200 
5,000 

4,200 
6,600 
8,600 

12,000 
16,000 

2 1,000 
24,000 
29,000 
33,000 
37,000 

1,000 
2,000 
4.000 
6,000 
9,000 

11,000 
12,000 
16,000 
19,000 
22,000 

it is not  known whether forecast installations will be boiling-water or 
pressurized-water reactors, the power capacity is assumed t o  be equally divided 
between the two types. Also, Table 7.1 1 shows that requirements are reduced by 
about 10% if the discharged plutonium is recycled. In 1971, U.  S. reserves of 
U 3 0 8  producible at a cost of $8 or less were estimated at  246,000 tons.24 If the 
accelerated requirements toward the end of the period in Table 7.1 1 are 
considered, these reserves are clearly inadequate if only light-water reactors are 
used to meet energy needs. 

7.84 Table 7.12 shows estimated quantities of discharged fuel on uranium- 
metal-content and plutonium-content bases, corresponding t o  the Table 7.9 
forecast and the parameters listed in Table 7.10. An estimate of fissile plutonium 
recovered is also shown. Recovery operations following discharge require from 1 
to 2 years. Although such estimates change from time to time, the qualitative 
picture indicates the trends involved. One important trend is the production of 
recovered plutonium that can be recycled as thermal reactor fuel or used for fast 
reactor needs as discussed in the following section. 

P L U TO NI UM- USE PA TTE R NS 

7.85 Large amounts of plutonium will be contained in the fuel discharged 
from the reactors forecast for the late 1970s, as shown in Table 7.12. Here again, 
there is a variation among forecasts. However, whichever forecast is used, several 
different possibilities exist for the use of  the plutonium: 

1. The plutonium, together with slightly enriched uranium, could be used in 
the fabrication of new fuel elements for the thermal reactor in which it was 
produced. 
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2. Since its nuclezr properties tend t o  be more favorable in a fast spectrum, 
the plutonium could ?e reserved for fast reactor use. Should this approach be 
chosen, however, it would be necessary to  store some of the plutonium for 
several years until the Fast reactors were built. 

3. Some of the plutonium could be used to meet all the immediate fast 
reactor requirements: the remainder would be used in thermal reactors in 
whatever manner proved optimum. 

4. The plutoniur  could be marketed at a price determined by supply and 
demand and used in whatever manner the economics dictated. 

7.86 Since various modifications and combinations of  the preceding 
options are possible, a description of the possible patterns is more useful here 
than selection of a Fattern that appears to be more favorable than the others. 
The plutonium price and the factors that determine it are important. A related 
subject is the behavior of plutonium as a fuel in reactors of different types, 
particularly in comr arison with enriched uranium.* Finally, certain design 
parameters useful in the analysis of the flow of fuel materials are considered. 

7.87 One patter 1 for the thermal reactor recycle of plutonium is to mix the 
recovered plutoniuni with uranium reenriched after reactor discharge. A 
differential U recuirement is needed to supplement the plutonium contribu- 
tion so that the total fissile content is adequate for the desired reactor exposure. 
This would normally be done batch by batch with the normal core-management 
scheme for the reactsr. Therefore the fissile material is distributed uniformly in 
a given batch. 

7.88 As a rule of thumb, the total fissile requirement can be assumed 
constant for a given :xposure although a slight increase may actually be required 
t o  compensate for some reactivity loss from t h e  buildup of 2 4 2 P u  and o t h e r  
by-products. I t  should be noted, however, that z 4 0 P u  acts as a burnable poison, 
producing fissile Pu, so that the reactivity swing required for a given lifetime 
tends t o  be s m a l l i ~  than that with uranium fueling. Typical changes in 
plutonium isotopic composition with successive recycle for a boiling-water 
reactor2’ are shown in Fig. 7.22. The initial reactivity penaltyz6 is indicated in 
Table 7.13. The de-.ailed interplay of isotopic changes and physics parameters 
during burnup is quite complex, however, and is not considered here. 

7.89 The resulis of one plutonium-recycle study are given in Table 7.14. 
Plutonium recycle begins t o  affect the U assay in cycle 5 for the BWR and in 
cycle 4 for the PWF:. In this model some of the fuel elements taken out of the 
BWR’s in  early cycles are held and reinserted later; thus plutonium is 
accumulated for an additional period before it is finally discharged. This method 
produces an unusvally large effect on  the 2 3 5 U  assay in cycle 5 .  Such a 

*In this section thf, term “enriched uranium” refers to an enrichment of 1.5  to 3.5% 
z 3  ’U, such as might be used for light-water reactors. 
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Fig. 7.22 Isotopic compositions of recycled fuel at discharge. 

CYCLE NUMBER 

TABLE 7.1 3 

Reactivity Penalty from Fuel By-products 

Worth at 20,000 Mwd/tonne 
uranium BWR discharge, % A/G End of recycle 

number *36u* 2 3 7 N p t  242pu 2 4 3 A m t  

0 0.62 0.13 0.65 0.36 

1 0.90 0.59 1.53 0.57 

2 1.12 0.73 2.04 0.89 

*The 236U concentration is assumed not to decrease in the 

?Neptunium and americium are removed by reprocessing on each 
diffusion plant. 

recycle. 
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TABLE 7.14 

U Assay Required for Plutonium 
Recycle Feed Batch 

u, wt.% 2 3 5  2 3 5 u ,  wt.% 

Cvcle I3WR PWR Cycle BWR PWR 

1 
2 
3 2.2 
4 2.6 2.9 2.2 
5 1.6 2.9 10 2.2 2.5 

procedure is required to phase into the desired core-management scheme. The 
effect of buildup of plutonium in successive recycles is evident in the continued 
reductions in the ’ IJ assay of the fresh fuel for the PWR, but  buildup occurs 
beyond the number of cycles shown for the BWR because of the long residence 
time for fuel, Either reactor type would eventually approach an equilibrium 
condition. Because of the long out-of-pile time and the fractional core-loading 
schemes used, however, equilibrium may be reached only after the reactor has 
operated for about 20 years. 

7.90 Another pa tern for thermal reactors is to  segregate the recovered 
plutonium in fuel elerients that are part of a batch loading and to  use enriched 
uranium for the remainder of the assemblies. Therefore the premium fabrication 
cost associated with plutonium handling is confined to only a fraction of the 
core batch, not to the entire batch. However, power-peaking problems might 
result from such a “spiked” core, and analysis is difficult. Some of the 
economies of large-scale fabrication are also lost by using two types of fuel 
elements with a smal1,:r volume of each required. However, a variation is likely 
to  be the preferred scheme during the early years of plutonium recycle. In the 
so-called self-generate 1 mode, plutonium discharged from earlier batches is used 
in fuel assemblies containing separate plutonium and uranium rods. Power 
peaking can be controlled by the pin-arrangement pattern. 

7.91 Another scheme, useful when large amounts of plutonium are 
recovered, is to  fuel one reactor with plutonium obtained from a number of 
other reactors. The opportunity for optimum core design specifically for 
plutonium fuel is better, and premium plutonium-fabrication charges can be paid 
only for the pins into which the plutonium has been segregated, as well. On the 
other hand, fast reac ors may be a better use for the plutonium by the time the 
necessary large amouiits become available. 

7.92 Since plutonium has a “nominal” value of the order of $10 per gram 
(fissile), the fixed charges for its use are appreciable. Therefore the economic 
incentive to  minimi2e the time between recovery of the plutonium from the 
reactor and its return to  productive use as fissile material in a reactor core is 
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considerable. The usefulness of recycled plutonium varies with the type of 
reactor, being greatest in a fast reactor. Some delay until the plutonium can be 
accepted in a fast reactor may therefore be economical if the enhanced 
usefulness is great enough t o  merit a sufficiently higher price so that the present 
worth of the expected sale price and storage costs is greater than the “present” 
thermal reactor price. Factors that influence the plutonium “price” are therefore 
important in the choice of a use pattern. 

Plutonium Price 

7.93 The concept of plutonium price is somewhat different from that of 
plutonium value. A market price depends on supply and demand. Demand, in 
turn, depends on a definite commercial application, which serves as a basis for 
determining the so-called value. Value is defined here as the price that must be 
assigned to plutonium to make the fuel-cycle cost using plutonium fuel equal to 
the fuel-cycle cost obtained if enriched uranium would be used as fuel for a 
particular reactor. This is the basis of the so-called indifference, or break-even, 
method of plutonium valuation proposed by  E ~ c h b a c h . * ~  In this method, 
numerical values for each fuel-cycle cost component for both enriched uranium 
fuel and plutonium recycle fuel must be established, leaving only the price of 
plutonium as an unknown. Considering the fuel-cycle conditions in each case 
and analyzing the parameters affecting the result become quite complex, 
however. For a sharply defined analytical solution for the plutonium value, 
Eschbach specified that a minimized fuel cost be considered in each case as 
shown in Fig. 7.23. 

Uranium enrichment 
and sell plutonium 

Indifference” point 
(correspondi ng 
assigned plutonium 

plutonium value) 
price defined as - 

0 15 30 
ASSIGNED PLUTONIUM VALUE, $/g (fissile) 

Fig. 7.23 Plutonium value. 

352 FUEL-SYSTEM ANALYSIS 



7.94 If the markct price of plutonium is less than the value for a given 
reactor operation, the plutonium will be used in that operation. On the other 
hand, if the actual maiket price is higher than the value, the plutonium will not 
be used, or, if producjd in the reactor, will be sold rather than recycled. The 
market price therefore tends to  seek a level dependent both on the supply of 
plutonium and on the quantity and types of reactors using plutonium at a given 
time. 

7.95 In practice, achieving the fuel-cost minimum for the analysis is 
difficult since optimizition involves so many parameters, particularly consider- 
ing recycle and core-lcading-strategy options. For many fuel studies in which a 
decision among alternate designs is desired, the overall effect of inventory 
charges is more significant tkian the plutonium value at any particular step or at 
any specific composi ion. A simplifying assumption can then be that the 
plutonium value is entirely a function of the fissile-plutonium content. The 
fissile-plutonium value determined at the optimum exposure can then be used as 
the value at  other expcsures. 

7.96 The ability t o  separate plutonium chemically from uranium gives 
plutonium a unique ;idvantage over ' 3 5  U as an enriching material for 2 3  'U 
because all the unburned residual plutonium is recoverable from spent fuels, and 
the ' 3 5  U present, wh.ch can also be burned, is available at lower cost than that 
contained in the equii alent U-enriched fuel. Plutonium used t o  enrich 2 3  'U 
has a value essentially proportional to  that of fully enriched uranium, regardless 
of the burnup conditiims.26 Furthermore, this is also true for any uranium price 
schedule that is consistent with the mathematics of the present cascade-enrich- 
ment process.* This result is surprising since it is often assumed that the value 
would be proportiond to  the burnup cost of the 2 3 5 U ,  which varies as a 
function of its enrichment level. 

7.97 A plutonium value for a fast reactor system could be determined by 
the indifference method, with highly enriched uranium as the basis for 
comparison. Another approach is to solve for the plutonium value when the 
energy costs for a plu :onium-fueled fast reactor system are set equal t o  those for 
a thermal reactor wing plutonium recycle. Differences in timing could be 
handled with the present-worth concept. Thus the plutonium value determined 
would be consistent with the operational decision required for a use pattern. 

Plutonium Storage 

7.98 If p1utoniur;i produced in thermal reactors is stored in anticipation of 
the higher value in fast reactors, several cost considerations apply. Since storage 

*In practice, both tlie premium plutonium fuel-element fabrication cost and the need 
for additional fissile-matixiai loading in water reactors compared with 2 3 s U  tend to reduce 
the theoretical plutoniun value.2' 
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costs must be paid from the proceeds of the sale, they tend to  reduce the 
expected premium. Carrying charges on the plutonium investment are the major 
storage cost contribution. Consideration of  such charges is equivalent to  
“present worthing” ( 5  2.3 1) the expected sale proceeds or recognizing the time 
value of money in some other way. 

7.99 The actual costs of storage must also be considered. These include 
costs for a storage facility, which must be built and maintained; containers; 
security arrangements; and insurance on the stored material. Although little 
information is available on plutonium storage costs, one estimate” cites an 
annual charge of  $0.35 per gram of  fissile plutonium. 

7.100 During storage of a mixture of plutonium isotopes such as those 
obtained from the discharge of thermal reactor fuel elements, the decay of 

Pu, which has a 13-year half-life, reduces the fissile content somewhat. The 
radioactive 2 4  ’ Am formed by this decay also increases fabrication costs. 
Recovery of the 24 ‘Am before fabrication, however, may be economically 
attractive. 

2 4  1 

Storage Vs. Recycle 

7.101 By balancing the increase in the worth of the plutonium obtained by 
future use in fast reactors against the costs of storage, one can estimate the 
maximum economical storage period as a function of  various economic 
parameters. In one s tudyz7 in which a 40% increase in plutonium value was 
assumed, the economically justified storage period was found to  be only 3 to  4 
years. A short storage period was found t o  apply even if the economic-parameter 
assumptions are varied over the entire realistic range. Furthermore, the effect of 
increasing demand for fast reactor fuel on plutonium price will probably be 
quite gradual over a period of years since only a small number of such reactors 
are expected before the late 1980s. Therefore long-term stockpiling of 
plutonium does not appear t o  be economically justified during the 1970s and 
early 1980s. 

PL U TONIUM- REC YCL E PH YSlCS DESIGN CONSlD E RA TIONS 

7.102 In discussing plutonium recycle, we should examine the differences 
in the physics design of the core which may be introduced.28 Since existing 
light-water-reactor cores build up appreciable plutonium during their lifetimes, 
the problems encountered are by n o  means new. However, the presence in the 
core of significant quantities of plutonium isotopes with nuclear properties quite 
different from those of uranium makes the, physics analysis difficult. 

7.103 The differences between plutonium-fueled and uranium-fueled 
thermal reactors are due primarily t o  the thermal- and near-thermal-energy-range 
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resonances that occur i 1 the cross sections of all plutonium isotopes, as shown in 
Fig. 7.24, and t o  the role played by the higher isotopes of plutonium. 

U the only significant hlgher isotope formed is ’ 3 6  U, which 
builds up slowly and IS a weak absorber. Plutoniunl-239 absorbs neutrons to  
form 240Pu, which is a strong zbsorber and which captures a neutron t o  form 
2 4  ‘Pu.  Plutonium-241 is a fissile material whose nuclear properties are more 
favorable than those If  2 3 9 P u  and which gives rise t o  the relatively stable 
parasitic absorber 2 4 2  Pu on further neutron capture. These various differences 
affect the nuclear design of reactors fueled with recycled plutonium. 

7.1 04 For ’ 

0.01 0.05 0.1 0.5 1 .o 3.0 
ENERGY, ev 

Fig. 7.24 Comparison of the microscopic cross sections of 235U and the 
plutonium isotopes. 

7.105 The value of  q (number of neutrons emitted for each neutron 
absorbed) for 239P11 decreases significantly in a resonance band at 0.3 ev. 
Therefore, with incr:asing enrichment, as the neutron spectrum hardens and 
more neutrons are a h o r b e d  in the resonance, the neutron economy becomes 
worse. Complicating the picture is the fact that the 9Pu ratio a = uc/uf varies 
considerably over the thermal-energy range. For example, spectrum-averaged 
values for CY for both PWR’s and BWR’s can be as high as 0.55, whereas the 2200 
m/sec value is 0.36. 

7.106 This variation of multiplication with amount of moderation results in 
plutonium having less multiplication at  a moderating ratio (ratio of moderator 
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atoms to  fuel atoms) that is optimum for a 2 3 5 U  lattice. Thus, if a mixed 
plutonium-uranium fuel is t o  be substituted for an enriched-uranium fuel in an 
operating PWR, there may be an economic incentive t o  increase the moderating 
ratio. This could be accomplished by reducing the fuel density, reducing the 
fuel-rod diameter, or changing the basic lattice configuration. An alternative is to  
use a higher enrichment. 

- 

7.107 Since the thermal absorption cross section of plutonium is signifi- 
cantly higher than that of U, plutonium presents more competition for 
thermal neutrons; this reduces control-rod worth somewhat and the worth of a 
dissolved neutron absorber. Preliminary experiments indicate an approximate 
worth reduction of 15%. This normally can be handled in the design without 
problems. 

7.108 The higher plutonium cross section also results in relatively rapid 
burnup. Thus, if a replacement plutonium core is designed for the same initial 
excess reactivity as its predecessor uranium core, its reactivity lifetime will be 
shorter. Conversely, if it is designed for the same reactivity lifetime, higher initial 
reactivity will be needed, perhaps requiring additional reactivity control. 

7.109 The delayed-neutron fraction of  2 3 9 P u ,  which is only about 
one-third that of ’ U, must also be considered. However, since the delayed- 
neutron fraction of  2 4  ’ Pu is only slightly smaller than that of ’ ’ U, the effect 
is reduced as burnup increases. Experience’ indicates that no design problem is 
presented. 

7.1 10 In a heterogeneous thermal reactor, a region having excess modera- 
tion causes power peaking in adjacent fuel rods. This is particularly true in 
PWRs,  in which there are large fuel elements and n o  coolant feedback 
mechanism for suppressing local peaking as in a boiling system. The higher 
thermal absorption and fission cross sections in plutonium fuel rods aggravate 
this situation. I t  has been estimated that, in a typically designed PWR, a 
water-induced power peak will increase by about 40%. This complicates the 
in-core fuel-ma n ageme n t picture. 

7.1 1 1  The high cross section of 240Pu contributes several nuclear design 
 advantage^.'^ For example, because of its high neutron absorption in under- 
moderated systems, it can act both as a burnable poison and as a fertile material 
and therefore reduce reactivity variations during burnup. 

7.1 12 Although some nuclear properties of plutonium isotopes and 2 3  s U  
differ, many of the reactor physics characteristics are not appreciably changed in 
a slightly enriched core, since the large amount of ’ U present has a stabilizing 
effect in each case. Characteristics such as the fast-fission effect, resonance 
escape probability, and the Doppler coefficient are therefore affected only in a 
minor way when plutonium is substituted for some of the 2 3 ’ U  in a 
light-water-reactor core. 
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I’UEL-ECONOMY PARAMETERS 

7.113 The fuel e : o n o m ~ ~ ~ ’ ~ ~  of a reactor is affected by many design 
characteristics. A few generalized parameters, however, serve as guides for the 
reactor designer. Thesf relate t o  the amount of fissile material destroyed during 
the production of ener;y and t o  the amount needed for the fuel inventory of the 
reactor. Design paranieters for fuel economy include the conversion ratio, 
specific utilization, th: capture-to-fission cross-section ratio of fissile material, 
the level of fuel exposures, specific power, and the ratio of total inventory to the 
in-pile inventory. The doubling time and the breeding ratio are particularly 
important in consider ng the fuel economy of fast breeder reactors. Several of 
these which are useful as criteria are described. 

7.1 14 A fuel-ecoliomy parameter in terms of net amount of fuel required 
(in some cases, including out-of-reactor fuel cycle) per unit of energy 
produced, in kilograms of uranium per kilowatt-hour (electrical), is conveniently 
used to  indicate the performance of a given reactor concept. Another parameter 
is the net amount of  fissile material destroyed per unit of energy produced, in 
grams of 235U per regawatt-day. This is the reciprocal of the reactor specific 
utilization (sometimes called static reactor utilization) defined as the total 
energy produced pe’ unit of net fissile material d e ~ t r o y e d . ~ ’  The latter 
representation shows the effect of alpha, the capture-to-fission fissile-material 
cross-section ratio, on fuel economy. In  terms of natural-uranium requirements, 
the term “dynamic system utilization,” the total energy [megawatt-years 
(electrical)] producec per tonne of natural uranium, signifies losses in the fuel 
cycle, which include t ?e diffusion-plant cascade  tailing^.^ 

7.1 15 For thermal reactors an important performance index of economy is 
the conversion ratio, CR: 

atoms of fissile isotope produced 
atoms of fissile isotope destroyed 

CR = (initial) 

N 2 ’ ~ : ‘  + ~Pl(1 - p ) N  2 5  ua 2 5  7) 2 5  

N 2 5 a 2 5  
CR =. 

a 

(7.24) 

where PI = nonleakage probability from fission energy to  resonance energy 
p = rescnance escape probability 
E = fast.fission factor 
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superscript 25 = U 
superscript 28 = 2 3  *U 

The first term in the equation represents the thermal absorption in fertile 
material, and the second term represents the resonance absorption also in fertile 
material. This expression for the conversion ratio applies only to  the initial 
period after start-up before plutonium isotopes contribute t o  the picture. By 
definition the conversion ratio also depends only on the ratio of fissile to fertile 
materials and the neutron energy spectrum. However, in practice, the neutrons 
available for conversion d o  depend on losses t o  fission products and other 
materials effects that depend on the reactor design. 

7.116 A higher initial fuel enrichment tends to  decrease the conversion 
ratio. On the other hand, an increase in the resonance capture by 2 3  ‘U, which 
depends on the size and moderating properties of the reactor, augments the 
conversion ratio. Therefore, for a given reactor size, the conversion ratio is a 
function of the neutron energy as well as the properties and proportions of the 
scattering material. The resonance capture normally increases either as the 
density of the scattering material increases or as the neutron-absorption cross 
section increases in the resonance region owing t o  spectral hardening. Spectral 
hardening arises, for example, as the system temperature increases after the 
reactor starts operation or in lattices having a low moderator-to-fuel ratio. 

7.1 17 A high conversion ratio leads t o  two trends: (1) a higher plutonium 
concentration at discharge of the fuel and (2) a slower decrease in reactivity with 
burnup caused by the fissioning of some fraction of the plutonium produced. 

7.1 18 The specific utilization (57.114)  developed from the effective 
conversion ratio Reff is a useful parameter. This quantity is similar t o  the 
conversion ratio but applies over the core lifetime of a fuel and therefore is 
really a more important parameter. Since the energy attainable from the fission 
of 1 g of fissile material is approximately 0.95 Mwd, the energy attainable from 
1 g of fissile material destroyed is 

Now, the grams of fissile isotope produced equals the grams of fissile isotope 
destroyed times Reff .  Thus 

Net amount of fissile isotope destroyed 
= grams 
= grams 

U destroyed - grams fissile isotope produced 
’ U destroyed X Reff  ’ U destroyed - grams 

- 
- ( 1 + (Yay) - (1  + “av)Reff 
- (1 + CYa”) (1 - Reff)  - 
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'Therefore the reactor specific utilization, T,., is 

(7.26) 

7.1 19 If an average value of alpha is taken as 0.5, for example, the energy 
yield from 1 kg of natural uranium for an effective conversion ratio of 0.7 will 
be 

This compares with arq energy yield of 90.12 Mwd/kg Unat  for a conversion ratio 
of 0.95, an approximately sixfold increase. 

7,120 Being derived from average values of a ,  71, and the conversion ratio, 
the reactor specific utilization, too,  is a characteristic of the reactor. The 
dynamic system utilization, Du, can be expressed as 

(7.27) 

where Xnat = tonnes of natural uranium required per tonne of fuel 
Ex = the fue exposure [Mwd(t)/tonne U] 
Ef = the copversion efficiency [Mw(e)/Mw(t)] 

7.1 21 Design parameters for uranium conservation in fast breeder reactors 
include the specific power relative to the fuel, the breeding ratio, and the 
doubling time, variables interrelated with one another. The specific power is 
normally expressed AS the thermal power per unit amount of fuel in the core 
(kw/kg) but can also be expressed in terms of the fissile isotope. Sometimes the 
out-of-core inventor) is also included in the fuel basis. 

7.122 Although the breeding ratio is similar in concept to  the conversion 
ratio in that it relstes the fissile atoms produced to  those destroyed, the 
definitions used vary. Generally, for the breeding ratio the chemical species 
formed, such as plua.onium, is the same as that destroyed. One definition32 of 
breeding ratio represents an integrated average value over the fuel-cycle period: 

fissile atoms produced 
fissile atoms destroyed 

BR1 = 

(7.28) final fissile atsms - initial fissile atoms + fissile atoms destroyed 
fissile atoms destroyed 

- - 

FUEL ECONOMY 359 



Other definitions of breeding ratio are in terms of individual isotopic nuclear 
interactions: 

neutron captures in 2 3 8 U ,  2 4 0 P u ,  and 2 4 2 P u  in core and blanket 
BRp (7.29) 

neutron absorptions in239Pu and 2 4  'Pu  in core and blanket 

neutron captures in 2 3 8 U  and 2 4 0 P u  
neutron absorptions in 2 3  9Pu and 2 4  'Pu  

BR3 

and even 

neutron captures in U and 2 4  'Pu 
BR4 = 

neutron absorptions in ' U, ' 9Pu,  and 2 4  ' Pu 

(7.30) 

(7.3 1)  

7.123 Different breeding-ratio definitions have evolved primarily as a result 
of a desire to  use static macroscopic-cross-section data t o  yield a quantity related 
to  the long-term fuel consumption and generation that will have some relevance 
in economic studies. A more general definition for a reactor region n has 
therefore been proposed3 3 3 3 4  to meet this objective: 

(7.32) 

where i = a suffix that can take the values 5 ,  6, 8, 9, 0, 1, and 2 ,  representing 
U, U, U, Pu, 2 4  OPu, 24  Pu, and 2 4  Pu. respectively 

Cn,i = the capture for isotope i of region n 
= the absorption rate for isotope i of region n 

yi = weighting factors 

This breeding-ratio definition can be made equivalent t o  those previously given 
by assigning appropriate values t o  the weighting factors. For 2 4 0 P u ,  24 'Pu ,  and 
2 4  'Pu, if yi = qi /q9 ,  the value of the breeding ratio becomes insensitive t o  shifts 
in 240Pu concentration which otherwise would have an important effect. 

7.124 The doubling time is the time required for a breeder reactor t o  
produce excess fissile material equal to the initial total quantity of fissile 
material in the fuel cycle. Complications arise, however, when attempts are made 
to  write a simple relation for the doubling time in terms of static calculation 
quantities. A basic problem is the manner in which the fissile atoms formed by 
breeding can contribute to the formation of a second generation of bred fissile 
atoms. If this possibility is ignored or the process visualized as occurring only 
after a time interval longer than that under consideration, the growth is 
analogous to simple interest. Such a process would occur with plutonium formed 
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in the blanket of  a fast reactor, which could not be effective as fuel leading to  
additional breeding until it was recovered from the blanket and loaded into the 
core, probably after a period of many years. On the other hand, if the bred 
material can be used 4s fuel instantaneously, as would be the case for in-core 
breeding, we would hive a growth analogous t o  interest compounded continu- 
ously. Behavior in most breeders is likely t o  be at some point within these 
extremes. A compoun’i-interest (not continuous) approach can also be applied, 
of course, to  a model in which the bred fuel is made available at the end of a 
fixed period, then add,:d t o  the “principal” during the subsequent period, and so 
on. 

7.125 The omission or inclusion of the out-of-pile fissile inventory is 
another basic point 3f disagreement among expressions for doubling time, 
although most d o  include it. The methods of including it vary, however, with 
some using a fraction of the in-pile time as a measure of out-of-pile inventory 
and others using a cycle time (variously defined) together with an inventory in 
the reactor averaged tioth in and out  of the reactor. Some methods include an 
estimate of fissile lcsses sustained during the fabrication and reprocessing 
operations; others om t these losses. Although the losses must be accounted for 
in a true doubling time, they are possibly omitted by some because they are not 
characteristic of the performance of the reactor. Another difference is in the 
measure of the excess fuel created, which may be expressed in terms of breeding 
ratios and capture-to-fission ratios, or the difference between initial and final 
mass balances. 

7.126 With the simple interest approach, if the initial total quantity of 
fissile material is M ,  the doubling time, T d ,  is then given by 

M 
T -- days 

-gc 
(7.33) 

where g is the quantity of fissile material consumed in the breeder reactor per 
day and G is the bre1:ding gain (BR - 1). Of the g grams consumed, g/(l + a)  
grams have undergonc fission. Since the fission of 1 gram of fissile material per 
day produces approximately 0.95 Mw of power, the fission ofg/(I  t a) grams of 
fissile material will produce P = 0.95 g/( 1 + a)  Mw of power. Then, 

P(l t a)  
g=- grams 

0.95 
(7.34) 

Substituting Eq. 7.34 into Eq. 7.33 gives the doubling time, T d ,  in terms of a,P, 
M ,  andG: 

M 
G [P( 1 t a)/0.95 

To = days 
- 0.95 M - 

GP(1 + a)  
(7.35) 
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Such simplified expressions must be used with caution, however, with a properly 
averaged over the isotopes present and spatial and burnup effects taken into 
consideration. 

7.127 Since the power attainable from the fission of 1 gram of fissile 
material per day is almost constant, a higher specific power will be obtained by 
minimizing the out-of-pile inventory. This smaller quantity of out-of-pile 
inventory, together with a high breeding gain, yields a shorter doubling time. 

7.128 I f  a breeder reactor operates for a year at a plant factor F, the extra 
fissile material produced, e, as a fraction of the reactor inventory is 

1 +cia" SG 
e = 365F ~ ~ 

0.95 H X lo6 
(7.36) 

where S is the specific power and H is the ratio of  the total inventory for the 
reactor t o  the in-pile inventory. 

7.129 A starting point for a compound-interest doubling time is the 
classical relation for the amount of money, S, obtainable in n years from a 
principal,P, compounded at  an annual interest rate, i: 

S = P ( 1  ti)" (2.1) 

By analogy the amount of fuel,M, obtainable after n irradiation periods from an 
initial fuel inventory, M,, as a result of bred fuel added to the original fuel at the 
end of each irradiation period will be 

M = M ,  ( B R ~  (7.37) 

A time variable can be introduced by  setting the total time required, T, equal to  
the product of the number of irradiation periods, n, and the time required for 
each period, t,. Then, 

(7.38) 

For the special case where M/M, = 2, T will be equal t o  the doubling time, DT. 

or 

DT 
In 2 = -1n BR 

In 2 
In BR 

DT = f r z  ~ (7.39) 
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Various other relation; have been developed t o  account for out-of-pile times, 
losses,  et^.^ * 

7.130 A short doubling time for a higher specific power and a higher 
breeding gain implies that more plutonium becomes available in a uranium- 
plutonium system in i given period of  time than in a system having a longer 
doubling time, with a resulting decrease in the total amount of natural uranium 
used. The doubling-tine parameter is also often used in comparison with a 
typical growth rate of electrical-energy production needs, which yields a 
“doubling time” of al- out 10 years. Such a 10-year doubling time is therefore a 
design target for breeder reactors, which could then supply sufficient extra fuel 
for the new reactors nxessary t o  meet the energy demand. 

FUEL-DESIGN PARAMETERS 

IN TRODUCTION 

7.131 The desig;ler of a reactor fuel system must consider many parameters 
that interact in c o r  plicated ways. Parameters for core-management schemes, 
fuel-cycle-operations costs, and fuel economy have been discussed. However, 
dimensional and lattice specifications in the design of a fuel rod and fuel 
assembly are also ,tffected by neutron physics, control, safety, materials, 
thermal-hydraulic, i nd other parameters. Systems-engineering methods should 
be applied to  the parameter matrix to optimize the core design. Although this is 
indeed a formidable challenge, some progress has been made, as discussed in 
Chap. 9. A systematic treatment of all parameters is not appropriate here, 
however. 

LA T TICE E F F EC TS 

7.132 To illustrate the interplay of parameters that the designer must 
consider, we shall di:icuss lattice effects on the fuel cycle, along with the fuel-rod 
diarne ter and its relacion to  other design specifications, such as specific power. 

7.133 Changes in the lattice of a slightly enriched, water-moderated U 0 2  
system can affect the reactivity lifetime, the conversion ratio, and ultimately the 
energy cost. At the beginning of core life, an increase in the fuel-to-moderator 
ratio can provide ai1 advantage in initial conversion ratio. Other effects during 
the fuel lifetime, however, must be considered to  determine the economic 
consequences of shilling to  a drier lattice. 

7.134’ The trade-off between initial conversion ratio and reactivity lifetime 
is shown in Figs. 7.25 and 7.26 for a typical system. As the water-to-uranium 
ratio decreases and the neutron spectrum therefore hardens, several effects 
occur. Although eta of 3 s  U (neutrons produced per neutron absorbed) tends to 
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decrease since alpha fc r ' U fast 
fission increases the tc'tal number of neutrons available for absorption in fertile 

U somewhat. Re ;onance-region absorption is important here and also 
depends on the pin diameter, which is held constant in Figs. 7.25 and 7.26. 

7.135 On the other hand, as the lattice becomes less moderated, neutron 
leakage tends to  increase. As a result a greater enrichment is required to  maintain 
the fuel lifetime. The various isotopic changes and power sharing between the 
original * 35 U and the plutonium produced contribute t o  a complicated picture. 
In qualitative terms, however, a drier lattice tends to  produce more plutonium, 
which, in turn, is availible for power production in situ. This apparent advantage 
is masked, however, b,J the need to  provide higher enrichment in ' U to obtain 
the desirable core 1 fetime. Since the decrease in lifetime with decreased 
moderation is very s h x p ,  as shown in Fig. 7.26, a compromise moderation limits 
the initial conversion ratio of such reactors to about 0.6. However, an optimum 
lattice would depend primarily on fuel costs, thermal hydraulics, and perhaps 
dynamic behavior. 

7.136 The previclus discussion considers only a few of the many aspects of 
changing the degree cf core moderation. Diameter effects were included only in 
a limited way. AlthoIgh some studies3' have been made of the effect on fuel 
cost of the moderator-to-fuel ratio, parameters held constant in such limited 
studies can affect the results significantly. It is therefore best to  note general 
trends and to  carry OL t detailed analyses of specific cases as needed. 

U increases, the greater contribution from 

SPECIFIC POWER AND PIN DIAMETER 

7.137 An examination of the effect of specific power on fabrication costs 
identifies a number ' if  important design parameters and their  interrelation^.^ 
The specific power, 1:ilowatts per kilogram of uranium, is a measure of the rate 
a t  which energy is cbtained from the fuel. Thus changes in the specific power 
affect the parameters that depend on the time required to  produce a given 
amount of energy. II' the amount of energy produced (i.e., the burnup) is held 
constant, the cost of such operations as shipping and processing for a given fuel 
batch is not affected. On the other hand, when expressed on a unit-energy basis, 
the fixed-charge corliponent of fuel cost will decrease as the specific power 
increases since more energy would be obtained in a given time. A high specific 
power is therefore a desired design objective. 

7.138 To increase the specific power, however, for a typical cylindrical fuel 
element, one must decrease the diameter. Otherwise, the central fuel tempera- 
ture will be excessiJe. The fabrication cost per m s s  of  fuel then tends to  
increase, and a s1i;ht increase in enrichment may also be necessary to  
compensate for the probable higher proportion of cladding material in the 
system. This use of nore expensive fissile atoms in the fuel therefore lessens the 
reduction in fixed charges obtained from the higher specific power. 
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7.139 Since several parameters affect the system in different directions, an 
opportunity for optimization exists. The choice between stainless-steel and 
Zircaloy cladding tiray also be considered, as well as the effect of changing 
burnup. The relative effect of these parameters can be systematically considered 
by expressing them on a functional basis. Since the key to the analysis is 
interplay between the inventory charges and the fabrication-operations costs, it 
is useful to  express the total fuel cost as tlie sum of three items: ( 1 )  the 
fabrication cost, (2) an inventory charge, and (3) all other charges. 

7.140 To more easily identify the effect of the fuel-rod diameter, one can 
represent the fabrication cost as the suni of two terms: ( 1 )  a constant cost per 
unit length of fuel rod and (2) a constant cost per kilogram of contained fuel on 
a uranium basis. The first cost contribution, which is independent of the 
diameter, is due primarily to operational-labor and fuel-cladding costs, and the 
second term reflects primarily tlie cost of manufacturing the ceramic-fuel 
material to  be loaded into the rods (cladding). 

7.141 Consider f as the fabrication-cost component independent of the 
diameter of the rod. 

f = k l  (2) (7.40) 

where F = fabrication expense ($ per foot of fuel rod) 
qL = average heat generation rate (kw/ft of fuel rod (constant over diam- 

E, = average burnup (Mwd/kg of uranium in core) 
k l  = conversion constant 

eters of interest)] 

The uranium-inventory cost during reactor operation can be given by 

(7.41) 

where i = uranium inventory cost (Plmillion Btu) 
r = fractional-uranium-inventory charge rate [(%/year) + 1001 

PF = plant factor (ratio of the average plant output to  the rated plant 
capacity) 

U = value of uranium inventory ($/kg of uranium) 
k 2  = 3.512 {conversion constant [(d/106 Btu)/($/kw-year)] } 

7.142 For this simplified model, all other fuel-cycle costs, including the 
diameter-dependent fabrication component, can be lumped into a contribution, 
K, so that 

Total fuel cost = k l  (") + k2 (h) (+) + K (7.42) 
E d ,  
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7.143 This equat on can then be differentiated with respect to S. With 
other parameters fixec and the derivative set equal to  zero, an optimum specific 
power, S*,  which results in a minimum fuel cost, can then be determined. 

(7.43) 

7.144 The fabric2 tion,l; and inventory, i ,  contributions to the fuel cost can 
then be expressed as 

(7.44) 

at  the optimum specif c power. 
7.145 Owing to ;he  trade-off between inventory and fabrication cost, there 

1s an optimum specifi; power whose value depends on the actual values used in 
the relation. With thi: behavior in mind, the designer should evaluate alternative 
,decisions at the respective optimum condition, not at constant specific power. In 
considering the relatiie advantages of stainless-steel and Zircaloy fuel cladding, 
for example, we see that a different specific power is optimum for each case. 
Zircaloy offers improied neutron economy at  the expense of a somewhat higher 
fabrication cost per length of fuel rod. An improved neutron economy means 
that a uranium enricliment somewhat lower than that required for a stainless- 
steel-clad element can be used to achieve the same degree of fuel burnup. 
Consequently the ratio of Cr to F tends to  be lower, and the specific power is 
thus reduced. 

7.146 At first glance relaxation of dimensional tolerances appears to  reduce 
the manufacturing expense and hence to  reduce the fuel cost, provided the 
central fuel temperature would not become excessive. For U 0 2  fuel, however, 

j the effects of such changes on the internal temperature pattern is difficult to  
evaluate since the oxide is not dimensionally stable during irradiation (cracks 
form and there is generally an irregular thermal path t o  the cladding). If the 
internal temperature is assumed to  be unaffected, a relaxation of pellet OD 
tolerances could therefore be considered. This question does not arise with 
vibrationally compacted fuel. 

7.147 Relaxing pellet OD tolerance from +0.001 to 20.002 in. reduces the 
fabrication cost only 5%. Similarly, reducing the tubing inside diameter reduces 
the fabrication cost only a few percent. In fact, for stainless steel a relaxation of 
the tubing thickness tolerances increases the cost slightly since the nominal 

'thickness may have :o be increased. Consequently greater enrichment may be 
necessary t o  compensate for the increased poison. Therefore changes in 
dimensional to1eranc':s over a practical range d o  not appear t o  offer significant 
reductions in the fabiication cost.36 
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7.148 This analysis is intended as a guide to some of the economic effects 
of changes in fabrication-design parameters rather than an indication of how 
fuel-cycle costs can actually be calculated. For example, as Zircaloy costs have 
decreased during the past few years, the comparison has shifted from a modest 
advantage over stainless steel for water-cooled-reactor cladding to a definite 
advantage. Most new designs therefore specify Zircaloy cladding. 

FAST REACTORS 

IN TR 0 D UC TI0 N 

7.149 The fuel systems for fast reactors are sufficiently different from 
those for thermal reactors to  justify a separate discussion. Since fast reactors are 
important primarily because of their potentially high breeding ratio, the 
breeding gain and parameters mentioned earlier (8  7.1 12), associated with the 
production of new fissile fuel from fertile material, are of interest to the 
designer. Some special features of fabrication, core management, and reproc- 
essing also are discussed in the following sections. 

7.1 50 Fast reactor breeding characteristics are affected by the spectrum, 
which, in turn, depends on the nature of the fuel. A measure of the breeding 
potential is given by 77, the neutrons born per neutron absorbed in fuel, shown in 
Fig. 7.27 as a function of energy for typical large fast reactor ~ y s t e i n s . ~  Table 
7.1 5 gives typical core parameters for a 1 OOO-Mw(e) sodium-cooled s y ~ t e m . ~  
These are mean values from several studies rather than a single optimum design. 

7.151 The relative contribution of fuel-cycle cost categories is indicated in 
Table 7.16. However, they are minor compared with the plant capital cost. 
Though based on the parameters in Table 7.15 and on reasonable economic 
assumptions, these fuel-cycle values should be considered as only rough 
estimates since n o  experience is yet available. The table does serve as a useful 
frameworK for discussion, however. For example, the plutonium credit is 
proportional to  the breeding gain and therefore is not dependent on the specific 
power. Also, the total energy cost is rather insensitive to the price of plutonium. 
Although the revenue from the sale of excess plutonium will indeed depend on 
the price of plutonium, the inventory charge, a contribution in the opposite 
direction, also depends on the price. Hence a shift in price tends to have a minor 
effect on the energy cost. 

7.152 The combination of breeding ratio, fuel inventory, and other design 
parameters involves a number of complicated interplays that require study 
during the design process. A design objective is a high breeding ratio, which is a 
result of breeding both in the core and in the blanket. Although the proportion 
of each can vary over a fairly wide range with a satisfactory total breeding ratio 
being achieved, a high core breeding ratio, perhaps approaching unity, is 
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Fig. 7.27 Neutroris born per neutron absorbed in fuel (T?) for typical fast 
reactor systems. 

TABLE 7.15 

Typical Core Parameters for a 1000 Mw(e) Sodium-Cooled Fast Reactor 
~~ 

Reactor power 
Core power 
Specific power (fissile) 
Breeding ratio 

Core doubling time* 
Core fissile metal 
Core fissile fraction 
Average burnup (ceramic fuel) 

*Plant factor of 90%. core inventory only. 

2500 Mw(t) 
2090 Mw(t) 
770 kw/kg 
1.40 

9.15 years 
2709 kg 
0.169 
100,000 Mwd/tonne 

normally desirable since the fissile material formed is useful as fuel immediately. 
Although such a cor6 loses little reactivity with burnup, the lifetime of the core 
is normally limited fr t im the metallurgical standpoint. 

7.153 In general, a large core with low neutron leakage and with a coolant 
that does not  degrzide the neutron spectrum by moderation will require a 
relatively low enrichment. The accompanying high fertile-to-fissile atom ratio 
results in high in tena l  breeding. However, the atom ratio, as well as the 
corresponding core breeding ratio, tends to be a dependent variable rather than a 
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TABLE 7.16 

Energy Costs for a Reference 1000 Mw(e) 
Liquid Metal Fast Breeder Reactor Core 

Mills/kw-hr 

Plant capital cost [$400/kw(e)] 
Fuel cycle* 

Fabrication ($300/kg) 
Capitalization (14%) 
Inventory 
Shipping and reprocessing 
Losses 
Plutonium credit 

8.00 

0.52 
0.06 
0.48 
0.30 
0.02 

(0.41) 

Total fuel cycle 0.97 

Total energy costs 8.971 

*Plant factor of 90%; 100,000 Mwd/tonne; plutonium; $1O/g Pu. 
?Excluding operation and maintenance costs. 

primary design objective since the designer is also concerned with reactor-size 
configuration from the heat-removal viewpoint, coolant characteristics, many 
cost contributions, and perhaps various safety requirements. For example, what 
might at first appear to be a desirable design direction toward a higher breeding 
ratio could bring an undesirable increase in inventory requirements should a 
significant increase in core volume be required. Similarly, other specifications 
might be shifted in various ways to obtain a practical design, depending on the 
interplays i n ~ o l v e d . ~  Some of these considerations are discussed in Chap. 8. 

FUEL -DESIGN PA RA ME TERS 

7.154 Parameters affecting the design of fast reactor fuels are similar to  
those for thermal reactor elements. The very much higher enrichment required 
for the fast system, however, does introduce some differences. As for thermal 
reactors, the fuel-inventory cost depends on specific power, whereas the total 
processing cost (fabrication and reprocessing) is inversely proportional to the 
plant thermal efficiency and to the burnup level per unit of fuel. For fast reactor 
fuels, however, the value of the fissile-atom inventory is high, corresponding to  
completely enriched 2 3  'U rather than to  the fissile atoms in slightly enriched 
fuel in thermal reactors. The fuel cost is therefore more sensitive to the specific 
power. Since specific power should be expressed as the power per unit amount 
of fuel in the complete fuel cycle, not just in the reactor core, there is a strong 
incentive to reduce the out-of-core inventory. This relation is shown in Fig. 7.28 
for some typical cases.4o Here the inventory component of fuel-cycle cost is 
plotted as a function of core specific power on both an in-core and a total fuel 
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Fig. 7.28 Invent01 y cost relations to specific power, burnup, and fissionable- 
fuel concentration. (Flssionable-isotope value is $ I O  per gram, and fixed 
charges are 10% ,ier year; the core loading plus a 1-year throughput are 
included for the curves with burnup level given). 

basis. The quantity in processing and in storage depends on the processing time 
required and the rate , i f  fuel use. In  Fig. 7.28, for burnup levels of 50 and 100 
Mwd/kg, a 1-year fuel :;upply is assumed “out of core.” Such graphs are intended 
primarily to  show only trends since the economic assumptions used change 
significantly with time 

7.155 The interrdations among specific power, burnup, and total proc- 
essing cost are indicatcd also in Fig. 7.29. Here total processing cost is the sum 
of the fabrication and $.eprocessing charge plus the inventory cost. The numerical 
values are not significant in the figure since they change as input assumptions are 
changed. A characterktic of all the curves, however, is to increase rapidly and 
then t o  flatten with increasing specific power. Fuel-cycle cost can therefore be 
significantly reduced by increasing average specific power out at least to the 
plateau region beyond 300 kw/kg. The occurrence of the plateau region is 
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Fig. 7.29 Allowable processing cost for selected fuel-cycle-cost objectives. 
(All curves are for  15% fissile concentration. $10 per grain value for fissionable 
isotopes, and 10% per year fixed charges. Curves are for cost of processing plus 
inventory charges; fuel-cycle costs are less by amount of plutonium credit). 

fortunate since, as a result of flux variations, fuel depletion, control effects, etc., 
part of the fuel in the reactor has a specific power approximately twice the 
average, and fuel elements must be designed to  operate a t  the maximum. 

7.156 This behavior is a result of the reduced relative contribution of 
inventory charges per kilogram once the specific power becomes reasonably 
high. An incentive still exists, however, to  obtain maximum exposure from ail 
the fuel by appropriate fuel management (87.162). 

FUEL REQUIREMENTS 

7.157 Most conceptual designs for large fast reactors specify a ceramic fuel, 
either an oxide or a carbide. Although such fuels may also be used in thermal 
reactors, some important differences exist. In the oxide, for example, the 
properties of a binary U 0 2  -PuO, solid solution differ significantly from those 
of U 0 2  itself. Furthermore, the plutonium presence tends to increase both 
fabrication and processing costs so that a high specific power and large burnup 
are design requirements as listed in Table 7.15. High power densities produced 
by the desired high specific power, together with the accompanying large 
fast-ncutron flux and very high heat flux, can introduce material problems. 
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Mixed-Oxide Fuel 

7.158 As for any reactor, the fast reactor fuel designer must know the 
characteristics of the 1-iaterial and must find ways to  solve a host of problems. 
For example, questions of thermal conductivity, fission-product redistribution, 
possible diffusion an(! segregation of plutonium within the fuel as burnup 
proceeds, interactions with the sodium, and general irradiation effects must all 
be considered (54.30). 

7.159 An exampll: of the interplay between nuclear, thermal, and materials 
effects is the possible problem of slumping of molten mixed-oxide fuel in the 
central region of a fuel pin. Central melting has been observed when the linear 
heat rate is in the rani;e of 2 2  to 25 kw/ft. In this case axial transport has been 
noted even when the nielting point has been exceeded for only a very short time. 
Such transport may have some undesirable reactivity-feedback c o n t r i b ~ t i o n s . ~  

Carbide and Nitride Fiiels 

7.160 Compared with oxides, carbides have attractive material properties, 
particularly the thernial conductivity [ 1 1 .O Btu/(hr)(sq ft)("F/ft)] , the fission- 
gas retention, and the fuel density. As a result the rod diameter can be laiger to 
save in fabrication ch:irges, and perhaps also the central fuel temperature can be 
lower with somewliar fewer problems in fission-gas release and fuel redistri- 
bution. A trade-off is involved, of course, in arriving at the proper combination 
of design specificatio IS.  Generally, carbides give a breeding-ratio advantage of 
about 0.2 compared with oxides. Disadvantages peculiar to carbides include 
compatibility limitati 111s with claddings and a special requirement for handling 
in low-oxygen and lolv-moisture atmospheres. Carbide technology is also not so 
highly developed as that for oxide fuels. 

7.1 61 Nitrides, which have received very little development, appear to  have 
a favorable coinbinat ion of physical properties. They also offer certain physics 
advantages compared with oxide and carbide fuels, primarily a smaller increase 
in reactivity when sodium is voided because of a greater ( n , p )  and (n,.) reaction. 
Many properties, however, are not well known. 

Fuel-Burnup Effects4 

7.162 Internal piessure generated within the pin by fission-gas release from 
large burnups can be limited by providing a plenum either at the top or at the 
bottom of the pin 01 by controlled venting t o  the coolant. An additional effect, 
the swelling of the fuel itself and resulting stress on the cladding, is normally 
controlled by increasing the porosity of the fuel. For example, mixed-oxide solid 
pellets having about 35% theoretical density may be used. An economic penalty 
of uncertain magnitu,le results from such fuel-density reduction, however. 

7.163 A major fuel-design challenge is irradiation-induced swelling and 
creep in stainless-stec 1 cladding and core structural materials. Although theories 
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of swelling are still under development, the growth appears to depend on stress 
and temperature as well as fluence. The growth also varies among different 
stainless-steel alloys. For example, reduced swelling, of the order of 5% volume 
change, has been noted with cold-worked type 3 16 staiiiless steel compared with 
about a 10% change with solution-treated type 304 stainless steel under similar 
conditions. However, some nickel alloys show promise of much greater stability 
and thus may provide a means of controlling this effect. 

7.1 64 Since stainless-steel swelling affects not only the fuel eleinent but 
also the fuel-element support and the core structure, the impact on design is 
complex. For example, differential elongation could result in assembly bowing, 
an effect likely to increase reactivity. Various design strategies to accommodate 
metal swelling must therefore be considered. Spacing between pins and 
assemblies can be widened, for example, and spacer pads located in low-fluence 
regions. Reduction in cladding temperature and fuel burnup are other 
possibilities. Such strategies tend to increase capital cost and possibly also the 
fuel cost, particularly in a sodium-cooled core. Larger gaps to accommodate 
growth increase core diameter and the sodium-to-fuel ratio, for example. A 
higher sodium fraction tends to reduce the breeding ratio. However, a growth in 
cladding diameter would provide space for fuel swelling, permitting the use of a 
higher density fuel, thus improving breeding characteristics. The design picture is 
therefore complicated. 

7.165 As an aid to the designer, a number of fuel-performance codes have 
been developed. Such models also provide a basis for correlating performance 
data. Two general types of performance codes are used. In one type, such as 
OLYMPUS,42 criipirical relations are used to  describe fuel behavior in terms of 
observable quantities. In the second category theoretical models of the various 
microscopic processes that control fuel behavior are used. is such a code 
in which models are combined that describe fuel restructuring (S4.42), 
migration of fuel constituents, fuel swelling from fission products, and cladding 
swelling. Results obtainable include fuel-temperature distribution, cladding 
dimensions, fuel-constituent distribution, and regional deformations, all as a 
function of time and axial position. Each type of code has its own area of 
application. For example, the simpler empirical codes are very useful for 
conceptual studies and data correlation, whereas the more complex theoretical 
codes may be used for detailed design studies. 

FAST REACTOR CORE AND BLANKETMANAGEMENT 

7.166 The objectives in fast reactor core management are similar to  those 
for a thermal reactor. Uniform power distribution and uniform burnup are 
desired. At the same time, as many fuel elements as possible should be subject to  
the maximum exposure. If zones of different fuel enrichment are specified, 
avoiding power peaks at the zone boundaries is a challenge. 
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7.167 The possitility of breeding in the core or at  least the generation of 
significant fissile plutonium during irradiation means that reactivity and the flux 
pattern need not  change greatly during burnup. Therefore management 
objectives are sornewhat more easily met than for a thermal reactor. Fast reactor 
core management has not been studied extensively, however. 

7.168 Blanket minagenlent is a problem unique to  fast reactors. Variables 
include the residencit time in the blanket of the plutonium produced, the 
power-peaking patteins due to the plutoniurn growth, and the shutdown 
schedule for any desi .ed blanket loading, shuffling, and fuel removal. However, 
since the axial-blanket rods are normally an integral part of the core fuel 
assemblies, the axial blanket is generally managed in the same manner as the 
core. The radial blanket is tightly packed; assemblies of depleted uranium oxide 
fuel rods of larger d ameter than that of rods in the core are used. Residence 
time may also be much longer than that of core assemblies. A steep neutron-flux 
gradient results in uiieven plutonium production and power generation among 
the rods in a given assembly. There is also a marked difference in average 
neutron flux betweei the assemblies closest t o  the core and those in the next 
outer radial row. Railial-blanket fuel-management proposals therefore generally 
provide for assembly rofatiorz t o  improve the uniformity of plutonium 
production and p o w x  distribution per assembly and shuffling of assemblies to 
smooth blanket pow:r distribution. Although various schemes are under study, 
an in-ouf strategy, i n  which new assemblies are first loaded into the inner row 
and then shuffled ou .ward, shows promise. 

7.169 In both core- and blanket-management studies the necessary physics 
calculations are dif ‘icult. In a niultigroup treatment (5  5.65) that includes 
regions having markc dly different isotopic concentrations that change with time, 
different spectral effects occur .  These effects,  in turn ,  require that proper cross 
sections be generatec:. Reaction rates in the so-called “transition region” near the 
core-blanket interfsce where there is a marked change in neutron spectrum are 
particularly difficult to  describe accurately. Such reaction rates are necessary to 
develop a model of the growth of bred plutonium in the region where niost of 
the blanket breeding takes place, which is near the core interface. 

FAST REACTOR PROCESSING OPERA TIONS 

7.170 The processing steps for fast reactor fuels are generally the same as 
those for thermal reactor fuels of the same type (ceramic, metal, etc.). However, 
a few differences are of interest t o  the reactor designer. 

Fabrication Parameters 

7.171 Ceramic fuel pins for fast reactors can be fabricated in much the 
same way as therm; 1 reactor elements. An itnportant difference, however, arises 
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from the use of plutoniuin, particularly if the plutonium has been recycled. 
Higher isotopes of plutonium build up during irradiation. Thus reprocessed 
plutonium contains significantly active substances that yield neutrons, X rays, 
and a range of gamma rays. Therefore hand operations must be minimized and 
shielding provided. In addition, rigid containment is required to prevent 
ingestion of the highly toxic material. Since fast reactor fuels are much more 
highly enriched than thermal reactor fuels, the quantities handled must be more 
carefully controlled to  avoid accidental criticality. Plutonium fabrication 
operations are therefore more expensive than comparable procedures with 
uranium fuels. 

7.172 Another important difference is in the nature of the high-power- 
density core normally required for a fast reactor. The fuel pins are of sinall 
diameter, generally about 0.25 in., and are very close to each other. Fabrication 
costs per kilogram therefore tend to be high, because of both the small diameter 
and the close dimensional tolerances required. Fabrication costs of about 
$300/kg for core and axial blanket are projected for the time when fuel will be 
fabricated at economical large throughputs, probably in the 1980s. The elements 
in the radial blanket are, of course, larger in diameter and do not contain 
plutonium. Fabrication costs of $7O/kg have been projected for such ele- 
m e n t ~ . ~ ~  A rather wide range of uncertainty exists for such estimates, however, 
amounting to  as much as 50% of the preceding values, depending on the degree 
of optinusm of the estimator. 

Reprocessing Parameters 

7.173 I n  reprocessing, fast reactor fuels differ from thermal reactor fuels 
primarily in that they are subject to  much higher burnup and they contain ;I 
higher fraction of fissile atoms. Although most parameters for processing do not 
greatly affect the design of the rest of  the system, a discussion of the operations 
and associated parameters is pertinent here.4 

7.174 A solvent-extraction process such as Purex, modified to a certain 
extent to handle fast reactor fuels, can be considered the “traditional” fast 
reactor purification process. The desirability of reducing out-of-pile process 
time, and hence out-of-pile inventory, however, has caused alternate processes to 
be considered. If recovered fuel is recycled t o  fast reactors, modest decontami- 
nation factors are adequate since small fractions of fission products remaining in 
the fuel do not affect the neutron balance in a fast reactor spectrum. 
Pyrochemical processes, for example, are of great interest in this category and 
have received much recent attention. Fluoride volatility, another nonaqueous 
process applicable to fast reactor systems, shares some of the advantages of the 
pyrochemical methods but has some problems, such as the recovery of the 
p l ~ t o n i u n i . ~  Process details are not considered here. 
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Fig. 7.30 Princi,)al steps in proposed advanced aqueous process for oxide, 
carbide, and met11 fuels. 

Aqueous Processes 

7.175 The aqueous processes used for fast reactor fuels are essentially the 
same as those norm;illy used for thermal reactors, as shown in Fig. 7.10. A 
modified process inlended for fast reactor fuels is outlined in Fig. 7.30. 
Generally, both core and blanket are processed simultaneously to reduce the 
fissile-element concentration. Carbide fuels must first be converted to oxide as 
part of  the head-end treatment. Since the fissile-atom concentration is still quite 
high, however. the actinide concentration in the feed solution is norinally much 
lower than that in conventional aqueous process streams. In the step separating 
uranium and plutoniiun, uranous ion may be used as a reductant instead of the 
usual ferrous ion, which would lead to unacceptably high values of iron 
contamination in the products. 

7.176 I n  the proposal shown in Fig. 7.30, the aqueous products of solvent 
extraction are converted t o  oxides by fluid-bed denitration. A dense granular 
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material suitable for fabrication into fuel elements by vibratory compaction 
results. A disadvantage of the aqueous process is that a substantial amount of 
low-level liquid waste is produced. Since a degree of remote fabrication is 
required because of the h x a r d  froin actinide isotopes in recycled plutonium, 
multistage decontamination of the plutoniudi product, even for the aqueous 
process. is not really justified. Tlie uranium product. however, can be 
refabricated by direct-contact methods provided soine cooling is carried out. 

Pyrochemical Processes 

7.1 77 One example of several pyrochemical processes under development is 
the salt-transfer process shown schematically in Figs. 7.3 1 and 7.32. Salt- 
transport separations depend on the selective transfer of solutes between two 
liquid-metal solutions equilibrated with the same molten salt. Tlie salt, in effect, 
serves only as a carrier for the solute transfer between the liquid-metal phases. 
For rapid transfer of the solute, the salt phase is circulated between the two 
liquid-me tal phases. 

7.178 This process has the advantages of requiring a comparatively short 
cooling period (about 15 days) and of using reagents and solvents not subject to  
radiation damage. Furthermore, unlike in the aqueous solvent-extraction 
processes, n o  large volumes of aqueous-waste materials are produced. Also, there 
are n o  neutron-moderating materials, and criticality safety design requirements 
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Pu IN SOLUTION 

3 
2 

U + - MgCI2 + UCI + - Mg 

I t 
LlOUlD METAL 
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U. Pu IN SOLUTION 

. 
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Fig. 7.3 1 Salt-transport separation of uranium and plutonium. 
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can thus be relaxed. The equipment is compact, and the radioactive-waste 
problem is simplified since many of the wastcs are collected as solids. On the 
other hand, only low decontamination is possible, and severe process conditions 
cause problems in container-material behavior. 

7.179 Cost studies have been carried out to  identify problem areas and to 
determine any relative process advantages. In one study4‘ tlirce hypothetical 
plant situations were examined. 

1 .  An on-site processing plant serving a single lOOO-Mw(e) reactor plant. 
2. A single facility servicing three reactors totaling 3000 Mw(ej installed on 

the same site in a reactor “park.” 
3. A central facility scrvicing reactors having a total capacity of 10,000 

Mw(e). 
7.180 Estimates arc summarized in Tablc 7.17. T h c r c  is a saving in shipping 

expenses for the on-site models. As expected, unit costs tend to  be higher in the 

TABLE 7.17 

Unit-Cost Summary for Processing 
Fast Reactor Oxide Fuel* 

Cost component Aqueous Volatility Pyrochemical 

CloseCoupled IOOO-Mw(e) Plants 

Processing 0.5 3 0.35 0.44 
Waste disposal 0.15 0.09 0.09 

Shipping 
1% loss 0.0 I6 0.016 0.016 

Inventory 0.17 0.12 0.12 

Total 0.87 0.58 0.67 

Close-Coupled 3000-Mw(e) Plants 

Processing 0.29 0.21  0.25 

Inventory 0.1 1 0.06 0.06 
Shipping 
1% loss 0.016 0.016 0.016 

Waste disposal 0.12 0.08 0.08 

Total 0.54 0.37 0.4 1 

Central lO,OOO-Mw(e) Plants 

Processing 0.16 0.14 0.18 
Waste disposal 0.10 0.08 0.07 
Inventory 0.109 0.079 0.079 
Shipping 0.050 0.066 0.07 1 
I%’loss 0.016 0.0 16 0.016 

Total 0.44 0.38 0.42 

*All costs in mills/kw-hr(e); plant f x t o r  of 80%, 100,000 Mwd/ 
tonne burnup. 
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srnaller plants. A conclusion from the study is that on-site, nonaqueous, 
reprocessing plants requiring relatively sinall amounts of risk capital are probably 
capable of processing spent fast reactor fuel at unit costs very little, if any, 
higher than costs for larger central plants regardless of the process used in the 
central plant. 

THORIUM FUEL SYSTEMS 

IN TR 0 D UCTION 

7.181 Although considerable emphasis is currently given to  the uranium- 
plutoniuin fuel systein, the Th-’ 3 3 U  systein provides an alternate path toward 
a solution t o  present energy requirements. The most significant advantage of the 
Th-’ U cycle over the ’ ‘U-’ 9Pu cycle i n  thermal reactors is the potential 
of a higher conversicn ratio (CR) (‘7.1 15). In a reactor CR units of bred fuel 
are produced for eash unit of fuel consumed, and the net consumption of 
nuclear fuel is therefore proportional to  1 - CR. Hence, other things being 
equal, a typical light-,vater reactor with a conversion ratio of 0.6 would consume 
twice as much fuel per unit energy developed as a Th-233U reactor having a 
conversion ratio of 0.8. Therefore the higher conversion ratio leads directly to  a 
lower depletion c h a r p  in the fuel-cycle 

7.182 There are siiriilarities and differences in the two isotopic chains, as 
shown in the simp1 fied comparison in Fig. 7.33. A major difference is the 
Intermediate formation of ’ 3 3 P a ,  a strong neutron absorber, which decays 
slowly. Since the decay of 2 3 3 P a  yields fissile 2 3 3 U ,  ieactivity control during 
shutdown is conipli( ated. In the thermal-neutron spectrum, U has a much 
lower alpha (uC/uf) and therefore a higher eta [v/(l + a)]  than 2 3 9 P u .  This 
difference in eta, hswever, is not as large as the difference in alpha might 
suggest, because ’ Pu has a larger v ,  or a larger number of neutrons produced 
per fission. In  the th1:rmal and epithermal energy regions, ’ U has the potential 
for a higher conversion ratio than obtainable through the use of plutonium or 
2 3 5 U  averaged over a burnup period. Therefore reactivity lifetimes can be 
longer, and a greater return of fissile material at the end of the fuel cycle may be 
possible. 

7.183 In fast reactors the 23’Th-233U cycle can provide a maximum 
breeding ratio of ;bout  1.20, smaller than that for the plutonium system 
.(-I .60) but still a p p r e ~ i a b l e . ~ ~  However, the practical difference may not be so 
great since the breeding ratio for large plutonium-uranium oxide systems is 
about I .35 whereas thorium systems with breeding ratios close to the maximum 
may be possible. Thorium metal as a blanket material would be possible since it 
has greater resistancc: to  radiation damage than uranium. 
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Fig. 7.33 Isotopic buildup in Th-z33U and z 3 8 U - 2 3 9 P u  systems. 

7.184 Thorium has a much smaller fission cross section and a higher 
threshold energy for fission than * U. Consequently thorium provides very 
little fast-fission bonus to the breeding ratio. However, i t  also contributes a 
smaller reactivity gain owing to increased fast fission on loss of sodium; hence it 
should tend to  give a less positive sodium-void coefficient than 'U-Pu. 
Interest in using the thoriuiii~uraiiiurn cycle for fast reactors, therefore. is due 
primarily to favorable safety characteristics. Some work has also been done with 
mixed 2 3  3 U  and Pu systems in a n  attempt to  combine some of the advantages of 
each.47 

FUEL-PROCESSING PROBLEMS 

7.185 I n  thorium systems the radioactivity of daughter products of 2 3 2 U  
in recovered thorium and in 2 3 3 U  after the removal of fission products is a 
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challenging problem. 111 less than a week after high-level decontamination, the 
gamma activity beconics sufficiently great that fabrication by direct methods 
can be permitted only on a scheduled-radiation-dosage basis. The magnitude of 
this problem is direct]:] related to  the 2U-concentration buildup that occurs 
throughout the exposure lifetime of the fuel. This, in turn, is a function of  the 
integrated fuel exposu .e, including the neutron energy level incident upon the 
fuel materials since the principal reaction that produces ' U, the 

Th(iz,2z)2 ' Th rea:tion, does not occur with neutrons with an energy below 
6 MeV. A highly divideti fuel in a well-thermalized spectrum will therefore have a 
lower ' 3 2  U concentration than a fuel in an epitherinal core. 

7.186 The recove.ed fuel can be dealt with in several ways. The thorium 
product can be stored for a long time to  allow decay of '"Th (1.91-year 
half-life). Uranium could be chemically purified just before the fabrication step. 
Fabrication could then be done rapidly by using nonremote methods; 
complicated processes and materials-handling steps would thus be avoided. Such 
a philosophy was the original basis for the development of the sol-gel process. 
An alternative is rein )te fabrication. for which decontamination factors for 
fission-product removtl of lo2 to  lo3 are acceptable compared with factors of 
IO6  to  10' for direct methods. This lower level of decontamination results in 
fission-product activit:) in  the product comparable to that from the uranium 
daughters in U. 

7.187 Although .his discussion is concerned primarily with fuel cycles, 
reactor concepts are nientioned as a guide to fuel use. Two interesting examples 
are the high-temperature gas-cooled reactor (HTGR) and the molten-salt breeder 
reactor (MSBR). The HTGR is one of several advanced converter-type reactors 
(DRAGON etc.) beinp developed. General design features of these concepts are 
available e l ~ e w h e r e . ~  8 . 4  

EXAMPLES OF THORIUM REACTOR CONCEPTS 

High-Temperature Gal;-Cooled Reactor 

7.188 The HTGIl is being actively developed as an alternate to light-water 
reactors in meeting the needs for economical nuclear power. A key factor is the 
possibility of very low fuel-cycle costs obtained by a high conversion ratio 
through the use of the Th-233U system, which would also extend available 
energy resources. 

7.189 A typical HTGR core is composed of hexagonal-shape blocks of 
graphite stacked in a close-packed array of vertical columns. Within the blocks 
'are interspaced both vertical fuel rods, located within fuel channels, and coolant 
channels, as shown ir Fig. 7.34. The fuel consists of two different types of m a l l  
pyrolytic graphite-co:ited spheres. One type particle contains fertile material, the 
other type fissile. E k h  is of different size to facilitate separation during 
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Fig. 7.34 Typical high-temperature gas-cooled reactor fuel element. 
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processing. Typically a fertile pal-tick has an inner kernel consisting of thorium 
carbide and the recycled uranium (mostly 2 3  U> carbide. This kernel. about 
350 p i n  diameter, has a multilayered impervious graphite coating about 130 p 
thick. The fissile particle containing the makeup uranium carbide, fully enriched 
in 2 3 s  U, has a kernel diameter of about 1 5 0 ~  :ind a coating thickness of about 
150 1-1. Close-packed beds of these particles are bonded together with low-density 
carbon into short rods typically 0.5 in. in diameter and 2 in. long. The rods are 
stacked end-to-end in t IC fuel channels of the hexagonal-block eleincnts to make 
up the required fuel-column height. 

7.190 Because of the size difference, the two types of particles are 
physically separable. Iiach type can then be used i n  a number of different 
fuel-cycling options. Several inodes that have been studied are as follows: 

1. Nonrecycle, wk.ere the reactor is fed with 2 3 s U  and the discharged 
uranium is sold. Makeiip 3 5  U is kept separate from thorium and bred uranium. 

2. Full recycle, where all the recovered uranium is recycled with 2 3 5 U  
makeup. Uraniuin and thorium are mixed together in one particle. 

3. Type I segregat on, where only bred uranium from the thorium particle is 
recycled. The recycle uranium and makeup 2 3 5 U  are combined in a particle 
separate from the tk orium particle. Material recovered from this uranium 
particle after irradiation is sold or discarded and is not recycled. 

3 5  U is kept separate from thorium 
and recycle uranium md its residue is not recycled. Bred uranium is recycled 
back into the thorium particle. and no bred material is sold. 

To accomplish some of these fuel-cycle schemes, several additional types of 
particles than those mentioned would be required. Such inodes require 
evaluation to detcnniile the best way to establish a breeder economy using the 
thorium fuel cycle, a i d  present experience is too limited to  justify conclusions 
on the merits of a spec.ific approach. 

7.191 A number of methods, generally involving either powder-metallur- 
gical or chemical techniques, have been developed for manufacturing the fuel 
microspheres. Chemical methods normally are based on the sol-gel process 
(§7.28), in which oxide microspheres are first produced and then converted to 
carbide by sintering at high temperature in a graphite bed. Pyrolytic coatings are 
deposited from eithei methane or acetylene in a fluidized bed. Much research 
and development havc: been devoted to  the various processes and to  the study of 
how the many param':ters affect the quality of the product. The subject is quite 
complex and will not be Considered here. 

7.192 Fuel-reprocessing operations are similar in principle to those used for 
other fuels. However, the head-end operations must recover the fuel particles 
intact from the graphite blocks, and a size-classification operation is included t o  
separate the two typm of particles used. Actinides are normally decontaminated 
and separated by solvent extraction using the acid Thorex process, which is 
similar in principle to  the Purex process ( 5  7.37). 

4. Type 11 segregation, where makeup 
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Molten-Salt Breeder Reactor 

7.193 The Th-233U system does provide a potential for breeding at 
thermal-neutron energies. One concept* features the dissolution of both 
fuel and fertile material in a molten-salt fluoride system with the impor- 
tant advantage of continuous fuel loading and reprocessing. An additional 
feature is the favorable control characteristics inherent i n  a liquid-fuel reactor 
system with a high therind-expansion coefficient that ensures a fast negative 
reactivity coefficient. 

7.194 An important fuel-economy advantage is the low fissile-material 
inventory both in and out of the core. No fuel fabrication is necessary, and 
on-site reprocessing requires a minimum quantity of fuel in the out-of-core fuel 

pipel ine.”  Thus t h e  d o u b l i n g  t ime can bc about 12 to 15 years, a l though a 
breeding ratio of only about 1.07 is expected. The system is quite sensitive to  
reprocessing efficiency since the loss of only a sniall amount of fissile material 
would seriously affect the breeding potential of the concept. 

7.195 The conceptual development of the molten-salt breeder reactor has 
proceeded through a number of stages. An early reference design consisting of a 
two-fluid core-blanket approach has been superseded by a one-fluid concept 
that avoids inaterials problems with graphite. which separated the two fluids. 
Through core zoning, the one-fluid concept can give almost the same potential 
performance as the two-fluid design. Important in the new design was theoretical 
and preliminary experimental evidence that the * U and possibly rare-earth 
fission products could be separated from a mixed thorium-uranium fuel salt by 
reduction extraction with liquid bismuth. 

7.196 The fuel for the one-fluid breeder consists of both fissile uranium 
and fertile thorium as tetrafluorides dissolved in a lithium fluoride-beryllium 
fluoride carrier salt. This fuel salt is distributed in a core consisting of two zones: 
a well-moderated inner zone (I) surrounded by an undermoderated outer zone 
(11). The neutron spectrum in each zone is controlled by adjusting the 
proportion of salt to  graphite, from a salt fraction of about 13% in Zone I to 
about 37% in Zone 11. The overall spectrum is adjusted for the best performance 
associated with a high breeding ratio and a low fissile inventory. For example, 
the spectrum in Zone I1 can be made harder to enhance the rate of 
thorium-resonance capture relative to  the fission rate; thus the flux in that zone 
is depressed and the neutron leakage reduced. 

7.197 The main objectives of fuel processing in the molten-salt breeder 
reactor are t o  isolate 3Pa from regions of  high-neutron flux during its decay to 

U and to  remove fission products from the system. Impurities that may arise 
from corrosion or inaloperation of the reactor system must also be removed 

“ 

*USAEC research and development on the MSBR was curtailed in 1973 owing to 
budget limitations. Future commercial application is therefore doubtful. 
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from the reactor fuel salt. Since the fuel-processing system is an integral part of 
the reactor system and operates continuously, only a small out-of-pile inventory 
of fissile material is ne:ded. In most designs the reactor can continue to  operate 
even if the processing ’acility is shut down but at a gradual decrease in nuclear 
performance as the poi,;ons accumulate. 

7.198 During de.ielopment of the molten-salt-breeder-reactor concept, 
several different purification processes appeared to accomplish about the same 
degree of separation. Development emphasis, therefore, has been given to a 
system that appears to be simpler than the other candidate processes. This 
process, shown in Fig. 7.35, consists of two parts: (1 )  removal of uranium and 
protactinium from salr leaving the reactor and reintroduction of uranium into 
salt returning to  the wactor and (2) removal of rare-earth fission products from 
the salt. 

7.199 A small str:am of fuel salt, taken from the reactor drain tank, flows 
through a fluorinator, where about 95% of the uranium is removed as gaseous 
UF6. The salt then flclws to  a reductive extraction column, where protactinium 
and the remaining uranium are chemically reduced and extracted into liquid 
bismuth containing a reducing agent, litluum, flowing counter-current to the 
salt. Leaving the column, the bismuth stream contains the extracted uranium 
and protactinium as w8:11 as lithium, thorium, and fission-product zirconium. The 
extracted materials arc: then removed from the bismuth stream by contacting it 
with an HF-H2 mixture in the presence of a waste salt that is circulated through 
the hydrofluorinator l’roin the protactinium decay tank. The salt stream leaving 
the hydrofluorinator which contains UF, and PaF,, passes through a 
fluorinator, where about 95% of the remaining uranium is removed. Protac- 
tinium is allowed to decay in a hold-up tank, and the uranium formed thereby is 
recovered by additiond fluorination. 

7.200 The rare e.irths are removed from the salt stream leaving the top of 
the protactinium extractor by contacting the salt stream with a stream of 
bismuth that is practically saturated with thorium metal. This bismuth stream, 
with the extracted iare earths, is then contacted with an “acceptor salt,” 
lithium chloride. Because the distribution coefficient (metal/salt) is several 
orders of magnitude higher for thorium than for the rare earths, a large fraction 
of the rare earths transfer to the lithium chloride in this contactor, whereas the 
thorium remains with the bismuth. Finally, the rare earths are removed from the 
recirculating lithium chloride by contacting it with bismuth streams containing 
high concentrations 0.1’ lithium. 

7.201 The fully processed salt, on its way back to  the reactor, has uranium 
added at the rate required to maintain or adjust the uranium concentration in 
the reactor (and hence the reactivity) as desired. This is done by contacting the 
salt with UF6 and hydrogen to  produce UF4 in the salt and HF gas. 

7.202 This proc4:ss is included as part of a lOOO-Mw(e) conceptual design 
study for a single-fluid molten-salt breeder reactor.s0 Although a number of 
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uncertainties exist, the concept was considered technically feasible and 
economically attractivi:. 
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INTRODUCTION 

8.1 Previous chapters describe some considerations affecting nuclear reactor 
design and indicate the numerous interplays involved. Although systems 
engineering provides some guidelines for design approaches, design methods for 
the reactor system are not considered here, primarily because approaches vary 
and design experience plays a major role. However, as discussed in Chap. 1 ,  
design methods are systematic, require establishment of specific goals, and 
provide procedures for meeting these goals. Of major importance in core design 
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8.2 The beginning engineer can also develop insight into the importance of 
parameter interplays through design studies. In developing commercial nuclear 
power, it is useful to  assess the potential of advanced concepts as well as 
proposed modifications of commercially proven systems. For this purpose design 
studies are frequently prepared which examine the features of a proposed 
concept in the desired detail with the aid of a so-called reference design. The 
effects of changing various design parameters are frequently studied. The 
reference design may also sometimes be used t o  determine the economic 
potential of the concept and, if desired, the economic effects of changing design 
parameters. A picture of the “trade-off’ pattern between costs and design 
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parameters may then be useful in selecting design values that yield desired low* 
power costs. 

8.3 Also, the stuc ent  of  engineering design receives valuable source material 
from studies of this nature. Since illustrations of the interplays between 
parameters and the Jossibility for trade-offs between economic and other 
criteria are particular y important, some features of typical liquid-metal fast 
breeder reactor (LME’BR) studies are examined here. The sodium-cooled fast 
breeder reactor was chosen primarily because, as an advanced concept of 
considerable current interest, it offers much more design challenge than 
present-generation wz ter-cooled thermal reactors. This is particularly true for 
parametric studies and design trade-off evaluations, which are a major feature of 
such studies. 

8.4 Evaluation, which is an essential step in the engineering design process, 
enables the designer I O  review the effectiveness of a design in comparison with 
established criteria arid judge it as acceptable or unacceptable. As part of the 
examination, information that will help the designer correct any deficiencies is 
normally developed. This same approach can be applied t o  the design of a 
nuclear plant, consicering both small subsystems and the larger system as a 
whole. Thus critical c valuation of the design concept is not  really separate from 
the design task but is carried out as an integral part of it. 

SYSTEMS DESIGN APPROACHES 

INTRODUCTION 

8.5 Systems engineering design approaches, described in Chap. 1, are 
applicable to  design studies and, in fact, t o  the design of subsystems. Design 
requirements must be met within the constraints of materials, safety, and 
economics, and itcrative procedures are necessary because of the many 
interplays between ’c ariables. Since a reactor system is very complex, the depth 
of detail depends on the objectives of the particular study. 

8.6 Iteration is also an integral part of engineering design since it provides 
for evaluation of ;I proposed solution in terms of established criteria. As 
indicated in Fig. 8.1 (which is the same as Fig. 1.11, the iteration feedback loop 
results from the cvaluation and analysis decision. In other words, if the 
evaluation decision !s “yes,” the design process proceeds t o  the next step, which 
is implementation in some form. If the decision is ‘‘no,’’ the problem is fed back 
through the loop for revision or additional development. Since it is likely that 

*The word rnininum is avoided since such a value can be achieved only through a 
systematic optimizaticn approach as discussed in Chap. 9. 
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Fig. 8.1 Closed-loop design approach. 

new information on deficiencies has been developed as part of the evaluation 
process, such information provides additional input t o  the design synthesis step. 
The new design is again evaluated, with the possibility of additional iteration, 
until a “yes” decision is achieved. This idealized iteration approach, which lends 
itself to  computer techniques, should be recognized as only a general guide; 
many modifications are possible t o  fit it  t o  individual circumstances. For 
example, information developed during evaluation may indicate that the design 
is no t  worthy of revision and should be abandoned. 

INTERPLAY OF DESIGN VARIABLES 

8.7 Iteration in the design process due to the interplay of variables can be 
demonstrated by considering the reactor core. Although a number of design 
requirements apply, we can often simplify the picture by identifying those likely 
t o  “control” the design. For example, the ultimate considerations are generally 
how well the ‘fuel elements perform and whether operating conditions 
(temperature, stress, etc.) approach the limiting criteria related to  failure of the 
material. In most reactors the heat-removal capability from point t o  point 
depends on the thermal-hydraulic parameters, and the spatial heat generation 
depends on the fission rate. As with all nuclear interaction rates, the fission rate, 
in turn, depends on both the neutron flux and the macroscopic fission cross 
sections. Therefore the combination of heat removal and heat generation 
produces a temperature pattern that can be related to  limiting criteria. 

8.8 Thus the various parameters that contribute t o  core design generally are 
not independent but form an interrelated matrix in which the degree of 
influence of one parameter on another may vary considerably. The core design 
itself can be  considered as the integrated pattern obtained after all individual 
parametric contributions are brought together systematically. 
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8.9 This integralion of core parameters is schematically pictured in Fig. 8.2. 
Three primary anal) tical areas are shown: nuclear design, thermal-hydraulic 
design, and materials design. To simplify the figure, we have omitted the equally 
important areas of safety design and economics-related design, which also 
interrelate with the three areas indicated. The desired design specifications (in 
the area enclosed by  the dashed box) are determined by considering all the 
analytical areas. Fix6.d conditions or constraints, together with data needed for 
the analysis (e.g., cross sections, thermal properties, and materials properties), 
serve as input in each of the analytical areas. The required fuel loading, flux 
pattern, and power distribution evolve from the nuclear design, and some 
feedback is provided to both the nuclear data and the thermal-hydraulic design. 
Some iteration is involved between loading, power distribution, and burnup in 
developing a fuel-matlagement strategy (§7.62), but  this is not shown. 

8.10 The coolant temperature, flow pattern, and geometric arrangements 
evolve from the thermal-hydraulic design. Thermal conditions also contribute 
some feedback t o  the materials design, from which the materials specifications 
evolve. This represen tation emphasizes some important interdependencies among 
the design parameters which can be compared with evaluation criteria. A 
complete picture showing secondary interplays would be much more complex. 
Some areas of desigr attention are discussed in the following sections. 
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TYPICAL CORE-DESIGN APPROACH 

8.1 1 The elements of a design approach can best be shown by an example. 
Figure 8.3 shows a “logic” flow diagram for a typical design approach for a 
liquid-metal fast breeder reactor fuel element.’ We emphasize that this is a 
subsystem of the reactor core and that alternate analysis sequences are possible, 
perhaps even preferable, since the point of entry into an iteration loop often 
must be selected arbitrarily. In this example the sequence progresses through 
nine stages: 

1 .  Thermal analysis. 
2. Fuel-element composition and diameter selection. 
3. Core sizing. 
4. Fuel-cycle  e c o n o m i c  analysis. 
5 .  Fuel-element structural analysis. 
6. Hydraulic analysis. 
7. Safety analysis. 
8. Fuel-element reliability analysis. 
9. Postirradiation handling considerations. 

8.12 In this method thermal analysis begins with specification of primary- 
coolant inlet temperature and mixed outlet temperature. Design specifications 
that appear as input are normally derived from experience, trade studies 
(§8.24), or system-optimization studies. These inputs, together with the radial 
power-peaking factor and the effect of any decision to flatten the coolant outlet 
temperature, are used t o  calculate the nominal central-channel outlet tempera- 
ture. 

8.13 Next the axial profile of the hot-channel coolant temperature is 
computed by using the axial power profile and the engineering factor. The 
power profile can be estimated with sufficient accuracy since the analysis is 
relatively insensitive to  the uncertainty involved. However, the hot-channel 
factor is very important and represents a design challenge (34.87). 

8.14 The axial profile of the hot-channel cladding surface temperature is 
calculated by  assuming a surface heat flux and using empirical correlations for 
the surface heat-transfer coefficient. Cladding material and thickness are 
tentatively selected ( to  be verified later in the fuel-element structural analysis), 
and the temperature profile o f  the hot-channel cladding inside diameter is 
computed. After the fuel-cladding bonding medium and the bond thickness (or 
effective thermal conductance) are selected, the hot-channel fuel-surfuce- 
temperature profile is computed. 

8.15 The next series of design decisions concerned with selecting fuel- 
element composition and diameter are critical to fuel-cycle economics. Design 
data on the thermal conductivity and limiting temperature of the fuel are used 
t o  compute the design-limit linear power rating of the fuel element. The 
fuel-element diameter is then tentatively selected, considering the trade-off 
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between fabrication ‘costs, which decrease with increasing diameter, and 
inventory costs, which increase with increasing diameter. Using this initial value 
of the fuel-element diameter, we calculate the surface heat flux, and the design 
procedure iterates, con ;idering the flux assumption made in the thermal analysis. 

8.16 T o  size the :ore, we calculate the number of fuel elements from the 
core power and lengt I and choose the geometrical array and spacing of fuel 
elements. These factors roughly establish the core diameter (although additional 
space must be reservec. for control and safety components and, if applicable, for 
a source, oscillator, ir ternal-core moderator, etc.). The core size and shape are 
then compared with an acceptable range of sizes and shapes generated from 
trade-offs involving economics (primarily breeding ratio) and safety (primarily 
sodium-void coefficier t). If the design is unacceptable, the procedure iterates to  
selection of a different core length. Finally, when core size and shape are firm, 
the radial and axial power profiles, required early in the thermal analysis, can be 
recomputed and the subsequent calculations modified appropriately. Coolant 
velocity, which is needed for the hydraulic analysis, also can be calculated at  this 
point. 

8.17 After the core is sized, fuel-cycle economics is predicted t o  determine 
whether the calculated cost is less than a maximum allowable value. If the cost is 
unsatisfactory, iteration (not  shown) to  a new fuel design is necessary. The 
fuel-cost calculation ‘Ises a suitable computer code that has as input economic 
data and the design burnup capability. A calculation to  determine the burnup with 
computer codes tha. describe the deformation of fuel and cladding under 
irradiation is needed (§4.48), but this area is still being developed. 

8.18 The fuel-element structure is analyzed by sizing the gas plenum, 
considering the combined effects of radiation, pressure, and thermal stress, and 
evaluating the abilily of the fuel element t o  survive the expected cyclic 
operation of the cor:. The fission gas released and the resulting stress picture 
under planned operating conditions are considered. Swelling and creep of core 
structural materials ;.eceive special attention. Here again, if the results of the 
analysis fail t o  satisfy the design specifications, earlier decisions must be 
reconsidered through logic iteration steps not  shown on the diagram. 

8.19 The core hydraulic analysis is concerned primarily with determining 
coolant pressure lossi:s, flow distribution, and related structural-design considera- 
tions. Axial-blanket lengths must be chosen before the hydraulic calculations are 
made to  establish the total fuel-element length. The axial blankets are sized 
primarily from econ,smic studies performed at the “core-system’’ level. Next we 
calculate pressure loss across the fuel-element bundle for the reference flow rate, 
using empirical head-loss coefficients. Over the relevant range of Reynolds 
numbers, velocity profiles and pressure drops for liquid metal agree with those 
.calculated from generalized correlations developed for water. The calculated 
pressure loss is cmxnpared with an allowable loss determined from the 
.pumping-energy specification. If the loss is excessive, redesign is necessary. 
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8.20 A safety analysis is included since the fuel element contributes heavily 
to the power coefficient in the operating range. Such reactivity contributions as 
thermal expansion of the fuel, the possibility of slumping of the fuel into 
mechanical voids. and other mechanical effects are considered. In fact, the flow 
diagram gives only an indication of the possible analysis model. Whatever model 
is used should picture the reactivity behavior; this is then compared with 
behavior considered acceptable for the design. 

8.21 A study of the reliability of the fuel element under operating 
conditions is another important step in the design sequence. Test data that can 
be evaluated statistically to provide a failure-probability value are normally 
needed. The analysis might also include a study of the effects of failure as a basis 
for an acceptable reliability specification. Since reliability analysis is still being 
developed, this design step is merely identified here. 

8.22 The final stage in the design process concerns postirradiation handling. 
Before they are reprocessed, fuel assemblies that have been immersed in sodium 
in the reactor are normally steam cleaned and water washed, a process that could 
introduce temperature gradients detrimental to  the cladding. A review of 
cladding compatibility under process conditions is, therefore, a part of the 
design procedure. 

8.23 The procedure described is a systematic path toward a design that 
satisfies all specifications. However, the same goal could be achieved by 
following other paths. Also, the depth of analysis in each area of attention could 
vary over a wide range. 

ROLE OF TRADE STUDIES 

8.24 Often, in developing a design concept, we must explore the effects of 
changes in parameters and compare different design options t o  establish a 
combination of basic specifications that appear to meet the requirements best. 
Such studies can vary considerably in depth, depending on the detail desired and 
the level of uncertainty that is acceptable. A procedure used for one phase of the 
development of a liquid-metal fast breeder reactor illustrates the approach.* 
Figure 8.4 lists the general steps that were followed, together with some factors 
considered at each step. 

8.25 The first step in this approach is to  establish requirements for per- 
formance, safety, availability, maintenance, operation, design, environmental, 
and interface features for a subsystem or component. These basic requirements 
must be met by all alternatives and are not  considered design trade variables. 

8.26 Alternative designs are then formulated. Many are considered, the 
number being limited only by the ingenuity of the designers. Then the most 
promising alternatives that can be studied within the existing budget and 
schedule are chosen for analysis. 

8.27 As analysis of the alternatives proceeds, a conceptual design of each is 
formulated. The depth of detail required depends on the particular study. The 
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various aspects of the design are analyzed with regard to economics, safety, 
reliability, availability, operation, maintenance, technical risks, development 
required, schedule, etc. The design is iterated until it meets all the established 
requirements. In general, the most extensive iterations are in the safety area 
since safety requirements are strict and tend to be difficult to  meet. This safety 
iteration goes on in parallel with the trade study and is not completed until all 
designs are ‘*acceptable” (i.e., meet established safety requirements). Thus safety 
is not a trade variable but  shows up in the economic- and technical-risk penalties 
required to make each design acceptable. 

8.28 When all the design alternatives have been analyzed, all factors are 
evaluated. The teclinical advantages and disadvantages of each concept are 
compared and reduced to  three considerations: 

1. Safety. All designs must meet the safety criteria. Alternate designs may 
have safety differences whose weighting is difficult to  establish. Such differences 
are recognized but are not weighted strongly since all designs meet the safety 
requirements. 

2. Economics. Capital cost, fuel-cycle costs, plant availability, operation and 
maintenance costs, etc., must be normalized to  permit a relative comparison of 
economic factors. For this purpose an economic model is formulated which 
correlates all these factors. 

3. Technical Risks. Technical risks represent the significant problems or 
uncertainties impossible t o  evaluate quantitatively in terms of effects on 
economics, safety, or other requirements. These considerations, should they 
cause problems, could result in considerable plant downtime, schedule delays, 
licensing problems, excessive costs, or component development programs. Much 
engineering judgment is involved in considering technical risks in terms of 
estimating both the probability of the problem’s arising and its consequences. 
Plant simplicity, available design margins, potential failure modes, past expe- 
rience, availability of adequate data, backup designs, state o f  the art, etc., all 
must be considered carefully in judging the magnitude of these risks. 

8.29 The decision on each trade study is reached by comparing the safety, 
economics, and technical risks, of each alternative design. A firm quantitative 
evaluation is very difficult t o  make. In general, the goals of the first-of-a-kind 
plant are compared with those for a low-risk, proven approach, but the 
economic penalties must be considered along with the risks. When a large 
economic penalty is associated with low risks, a higher-risk approach may be 
allowable if a carefully defined development and test program is set up to  
minimize the risk. 

DESIGN STUDY 

IN TROD UCTlO N 

8.30 The preceding sections describe design approaches in general terms. 
Although it is possible to  establish a stepwise procedure, as indicated by Fig. 8.1, 
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the importance of paruneter interplays can vary from one specific problem to 
another. A “feeling” f x  such considerations remains an art acquired by design 
experience. Some of the results of a specific design study are described in the 
following sections to  provide a picture of the type of insight needed by the 
designer. 

8.31 To show exsmples of  actual system design considerations, we shall dis- 
cuss some of the featur1:s of a design study performed for the U. S. Atomic Energy 
Commission as part of the Liquid Metal Fast Breeder Reactor development 

I program in the late 1960s. We should emphasize that 110 attempt is made here to 
develop a complete picture of the study 

8.32 In this particular study3 two separate core concepts that differ In 

assumed safety criteria were compared. In one concept, designated the 
“advanced design,” i 1 is assumed that sophisticated accident-detection and 
protection devices will prevent complete core voiding and major meltdown of 
the fuel. In the second concept, called the “conservative design,” the remote 
possibility of a major voiding and meltdown accident is accepted, but the 
severity is reduced by providing for an enhanced Doppler coefficient in the core 
and reducing the void reactivity. These two concepts represent different 
safety-design philosophies. The designs were compared primarily to  provide 
background for a dec:ision on the safety approach for a subsequent reference 
design for a liquid-me tal fast breeder reactor system. The study was carried out 
in sufficient detail to  indicate technical feasibility, costs, and necessary research 
and d e ~ e l o p m e n t . ~  

8.33 Since the s .udy is a follow on of previous sodium-cooled 1 OO@Mw(e) 
fast reactor studies performed by the General Electric Company some features 
of the reactor concept evolved from a series of prior studies. A “pool” 
arrangement was ch Isen in which all primary heat-transfer components are  
placed within the rea1:tor vessel rather than in a “loop” (the loop concept uses a 
piped primary system in which the components are separated from the reactor 
vessel and each other). The reactor is refueled through an open plug into a hot 
cell rather than through an “under-the plug” mechanism as in the Experimental 
Breeder Reactor No. I1 and the Enrico Fermi Atomic Power Plant Unit 1 (Ref. 

8.34 Figure 8.5 shows a view of the reactor and refueling cell. The reactor 
and primary-system equipment are enclosed in a large vessel, and refueling is 
accomplished through the open plug. For  maintenance, .the intermediate heat 
exchangers* (IHXs) and primary pumps, which are mounted on the upper shield 
deck, can be lifted into a cask to  be transported to a maintenance facility. 

8.35 The prim:lry coolant is circulated by three vertical, shaft-sealed, 
centrifugal pumps tkLat draw sodium from the primary-system tank, as shown in 
Fig. 8.6, at approxilnately 800°F and pump it directly into and through the 

5). 

*Six exchangers were arbitrarily assumed in the study described. A three-loop system is 
used in the reference design, however.* 
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Fig. 8.5 Sodium breeder reactor plant. (Courtesy General Electric Company.) 
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Reactor core. 
Refueling-cell wall. 
Shield plug, in raised 
position. 
Control-rod drives. 
Shield-plug lifting screw 
and guide. 
Fuel-transfer machine. 
Fuel-shuffling machine. 
Fuel-decay tank. 
New-fuel storage. 

10 Intermediate heat exchanger ( 3  units). 
11 Intermediate heat exchanger, 

shown in raised position. 
12 Secondary-sodium inlet. 
1 3  Secondary-sodium outlet. 
14 Primary-sodium pump and 

drive motor ( 3  units). 
15 Primary-sodium vessel. 
16 Insulation and outer tank. 
17 Steel liner on concrete. 
18 Concrete shielding. 
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TABLE 8.1 

Variable Design Parameters 

Independent parameters 

General 
Core height 
Core volume fraction of Be0 

(conservativc core only) 
Fuel-pin pitch-to-diameter ratio 
Reactor coolant outlct 

Reactor coolant AT 
Fuel-pin diameter 
Amount ot'orificing i n  core 
Type of fucl-channel dcsign 
Turbine throttlc and reheat 

tempcrat tire 

tempera ture 

Economic 
Fissile plutonium value 
Working-capital charge rate 
Fuel-fabrication-cost model 
Fuel-repro~ssing-cost model 

Doppler reactivity and sodium-void 
Safety 

reactivity limitations 
(imposed on conservative core only) 

Physics 
Plutonium alpha value and 2 3 8 U  

Other nuclear data uncertainties 
mpture cross sections 

Dependent parameters 

System pressure drop 
Net cycle efficiency 
Corc volume fraction of steel 
Corc peaking factors 

Fuel-cladding thickness 
Corc specific power 
Blanket thickness 
Fissile lollding and distribution 

reactor core, where it is heated to 1150°F. The heated priniary sodiuin is then 
channeled to one of six IHX's, where it transfers heat to nonradioactive 
secondary sodium. The primary sodium then leaves the IHX and flows into the 
primary-system tank. In each of six secondary loops, sodium is pumped from the 
steam evaporator through the IHX, through the steam superheater and reheater 
in parallel, and back to  the steam evaporator. 

8.36 The steam generators are located at a higher elevation than the IHX's 
and the primary-sodium system to ensure that the static pressure on the 
nonradioactive sodiuin in the 1HX exceeds that on the radioactive sodium. 
Consequently no leakage of radioactive sodium can occur. The difference in 
elevation also aids heat removal if electrical power to the plant is lost since the 
sodium will circulate by natural convection. Steam at 2400 psia and 950°F is 
generated in the six once-through steam generators, and it flows to a 
tandem-compound four-flow 1800-rpm 950°F reheat turbine. 

8.37 In the comparison it is desirable to  use for each design a combination 
of parameters that have been optimized for favorable economics. Since complete 
optimization of all independent parameters is a major undertaking, a partial 
optimization was carried out  by varying only independent parameters that 
seemed to  affect the comparison and dependent parameters that contribute to 
significant economic changes. The major independent and dependent parame ters 
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are listed in Table 8. I .  Several of these are discussed here. Major parameters that 
were held fixed are lisled in Table 8.2 to add to the picture. A listing of plant 
characteristics would iiicltide iiuiiiei-ous other parameters, but, since they do not 
affect the comparison and since we do not intend to discuss the complete design, 
t h y  are not given here. 

8.38 Despite the lack of coniplete optimization and despite the number of 
parameters that were fixed, inany cases required analysis. Moreover, in most 
cases analysis consist Ad of an integrated evaluation of physics, tliernial- 

TABLE 8.2 

Fixed Design Parameters 

Fuel type 
Maxiinurn fuel teinperiiture 
Maximum fuel-claddin ; surface temperature 
Fuel-cladding thicknes; at 0.25 in. outside diameter 
Maximum reactor prescure drop 
Maximum coolant out  e t  temperature 
Miniinurn fuel-pin pitch-to-diameter ratio 
Core average burnup 

Fuel density (hot sinear) 
Number of core enricliment zones 

Mixed oxide, gas bonded 
5207OF 
1 300°F 
15 mils 
200 psi 
1150'F 
1.15 
t10,000 

9.43 g/c1n3 oxide 
2 

Mwd/tonne (U + Pu) 

Fuel-plenuin-heipht-to-core-heie_ht ratio 1.25 
Refueling interval 6 months 
Type of plant cycle Reheat 
Steain generator Once-through parallel-flow 

Number of primary arid secondary loops 
reheater-superheater 

6 
Number of primary pimps 3 
Main steam pressure 2400 pSbd 

hydraulics, mechanical design, system design, and economic effects, accoiii- 
plished with digital-cclmputer techniques. 

8.39 Before we discuss the various parametric effects, let us look at the 
core and blanket arjmgenient for each concept evolved from the study. As 
shown in Figs. 8.7 and 8.8, the conservative design has a pancake core with a 
height-to-diameter r:i.tio of 1 t o  6, and the advanced core has a height-to- 
diameter ratio of about 1 to  2. The relatively-high-leakage, or pancake, concept 
reduces the positive L'eactivity effect of a possible loss of coolant. This geometry 
produces a higher fi:;sile inventory than might otherwise be required, however, 
with a resulting unfavorable effect on the Doppler coefficient. Thus a 
moderator, such as BeO, is added to  soften the spectrum and enhance the 
Doppler coefficient. The softer spectrum results in a lower breeding ratio and 
corresponding higher fuel-cycle costs, however. 
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COR E PARA METERS 

8.40 Among the various engineering design parame ters, those concerned 
with the core generzlly play a key role in defining the characteristics of the 
reactor system. In addition, they serve to illustrate the interrelations between 
economic, safety, and engineering considerations. 

Core Height 

8.41 The effect of both core height and volume fraction of B e 0  on 
equilibrium-fuel-cycl~: costs for the conservative design is shown in Fig. 8.9. The 
18-in. core heiglit ckoseii is near the point of minimum fuel-cycle costs within 
the “allowable” regi x i  bounded by an acceptable Doppler coefficient and an 
acceptable void rea( tivity. To  simplify this particular analysis we have held 
constant at the valu-s shown in the figure a number of other parameters, e.g., 
the pitch-to-dialnetel ratio and corresponding volume fractions. These also affect 
the core height, as i: discussed later. The introduction of B e 0  has such a strong 
effect on fuel-cycle costs (the sodium-void limit excludes much of the decision 
space) that a rnininiuin core height is specified. Furthermore, the shape of the 
curves indicates tha design selection is quite sensitive to uncertuitzties in  the 
sodium-void and Doppler criteria. 

8.42 Doppler a i d  sodium-void considerations do not affect the core-height 
selection for the adi.anced concept, whose primary objective is a minimum fuel 
cost. The analysis ir Fig. 8.10 shows that taller cores with low pitch-to-diameter 
ratios tend to give lower fuel costs. In this case, however, the coolant pressure 
drop through the (ore  becomes the major constraint; a value of 200 psi is 
considered the practical liinjt. Thus the value for a 36-in. core height with a 
fuel-pin pitch-to-dia neter ratio of 1.20 is a t  about the minimum of the 200-psi 
cost curve. 

Fuel-Pin Diameter 

8.43 In oxide-fueled sodium-cooled fast reactors, the fuel-pin diameter 
interrelates with a r,uinber of other parameters, e.g., cladding thickness, cladding 
temperature, fuel svfelling, and the approach used for handling of fission-product 
gases. However, considering fuel-cyde costs and only the trade-off between 
specific power and fuel-fabrication costs as a function of  rod diameter (Fig. 
8.1 1) indicates the economic incentive for examining diameters other than the 
assumed reference diameter (normally 0.25 in.). A smaller diameter results in a 
higher specific povrer (favorable to fuel inventory) but also requires a higher 
fabrication cost. 111 Fig. 8.1 1 ,  for example, curves for both cores suggest an 
incentive for studying diameters less than 0.25 in.; the curve for the advanced 
core apparently approaches an optimum. We must remember, however, that such 
studies arc sensitive t o  the assumptions used for fabrication and other costs. 
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8.44 The next step is to  consider the effect of core pressure drop. Under 
the constraints of fixed pitch-to-diameter ratio, outlet temperature, and coolant 
AT, the core pressure is a significant function of fuel diameter for the 36-in. 
advanced core but not for the 18-in. conservative core, as shown in Fig. 8.12. 
The capital cost of the nuclear steam-supply system is assumed fixed in terms of 
dollars per thermal kilowatt. An increase in pumping power caused by a larger 

total sodium 

void 1 1  K / K  

Allowable 

I 

0 05 0.10 0 

CORE OVERALL B e 0  VOLUME FRACTION 

Fig. 8.9 Fuel costs vs. volume fraction of B e 0  and core height for a 
100@Mw(e) liquid-metal fast breeder reactor, with fissile plutonium at $ 1  O/g 
and a working-capital charge of lO%/year. Constants: reactor AT = 300'F; 
outlet temperature = 1150'F; fuel outside diameter = 0.25 in.; cladding = 15 
mils; core overall volume fractions, coolant = 0.39 and steel = 0.19; fuel-pin 
Pldo = 1.22. 
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Fig. 8 .10 Fuel costs vs. volume fraction fuel and core height for a 
1000-Mw(e) liqud-metal fast breeder reactor, with fissile plutonium at $1O/g 
and a working-capital charge of 10%/year. Constants: reactor AT = 300'F; pin 
outside diameter = 0.25 in.; cladding = 15 mils; peak cladding temperature = 
1 300°F 

pressure drop will result in less net electrical power produced and, hence, a larger 
capital cost in term:, of dollars per electrical kilowatt. This effect is examined in 
two ways in Fig. 8. I 3  for the 36-in. core. The upper solid curve shows the cost 
behavior, assuming a constant pressure drop maintained by adjusting the 

-pitch-to-diameter ratio, and the upper dashed curve shows the trend given in Fig. 
8.1 1 for a fixed pit.:h-to-diameter ratio. Differential energy costs are shown by 
the lower solid curve, which also includes the capital cost effects. This figure 
indicates that a fue -pin diameter of 0.23 in. is desirable. Since these trends are 
not significant for ihe conservative 18-in. core, a soinewhat arbitrary lower limit 
DESIGN STUDY 41 3 
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Fig. 8.11 Fuel costs vs. fuel diameter for a lOOO-Mw(e) liquid-metal fast 
breeder reactor, with fissile plutonium at $1O/g, a working-capital charge of 
10%/year, recovery costs of $60/kg (U + Pu), and fabrication costs of -$I50 
to $250/kg (U + Pu). For both cores, average burnup = 112,300 Mwd/tonne, 
peak linear power = 18 kw/ft, coolant outlet temperature = 1150°F, and 
coolant A T =  300°F. 

of 0.22 in. outer diameter was selected for that case. Since the trends result in 
rather shallow optiniums, however, the influence of other parameters may well 
cause the designer to  select slightly different values of pin diameter. 

Core Temperature and Pressure Drop 

8.45 The coolant temperature rise through the core is affected by the 
trade-off between the costs of pumping equipment and lieat exchangers. 
Another factor is the primary-system pumping power, which increases rapidly 
when both coolant flow rate and pressure drop are increased, as required if the 
core temperature rise is reduced. Decreasing the core temperature rise, therefore, 
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Fig. 8.12 Pressure-drop dependence on fuel diameter for one set of 
fuel-performance and coolant conditions. 
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Fig. 8.1 3 Fuel costs and differential cost of power vs. fuel diameter for 36-in. 
advanced core desii,n. 
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increases the pumping power and the cost of pumping equipment but decreases 
the cost of heat exchangers by increasing the available temperature differential 
between the sodium heat source and the steam produced. Typical trends for 
design parameters are shown in Fig. 8.14, and cost contributions are shown on a 
differential basis in Fig. 8.15. 

8.46 Varying thc core temperature rise while the outlet temperature 
remains fixed can be analyzed in a relatively straightforward manner since the 
change in core inlet temperature affects primarily the boiler section of the steam 
generator and not  the superheater. Therefore optimization of the turbine 
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throttle temperature is not necessary. The interplay of a number of parameters, 
including secondary effects, can be analyzed by using cotnputer codes. The 
effects of varying both core outlet temperature and coolant temperature rise are 
analyzed in Fig. 8.16 for the 36-in. advanced core. Arrows indicate allowable- 
region boundaries. Sin( e the cladding temperature should be as high as possible 

400 
- 1  0 

220 300 
AVERAGE CORE AT,'F 

Fig. 8.15. Cal(:ulated optimum core A T  for 36-in. advanced core design. 

for minimum power cost, the maximum allowable cladding temperature of 
1300°F is used as a boundary. The hydraulic limit of 200 psi pressure drop is 
also given, but it docs not influence the selection of a coolant temperature rise 
of about 300°F at  ap outlet temperature of 1150°F. 

8.47 A similar analysis for the 18-in. core is shown in Fig. 8.17. The 
coolant outlet teinp'rature, limited to 1 150°F because of materials considera- 
tions, becomes the :ontrolling parameter. Thus a coolant temperature rise of 
about 270"F, corresponding to the niinimuln on the 1 150°F outlet-temperature 
curve. is selected. 
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Fuel-Pin Design 

8.48 Though not part of the comparison study, fuel-pin design parameters 
are quite important for oxide-fueled sodium-cooled fast reactors of this type.6 
Although, as mentioned in $8.46, first considerations indicate that a high 
coolant outlet temperature is a desirable goal, the picture can change when other 
variables are considered. For exaniple, as the allowable cladding teniperature is 
increased, both strength and ductility are reduced. Ductility is also reduced by 
irradiation. If thicker cladding must be used or the fuel buriiup must be 
decreased because of this trend, the cost of  the energy produced will be 
increased. Therefore a trade-off applies between the increased thermal efficiency 
resulting from the higher coolant exit temperature and the increased heat costs 
resulting from the higher cladding temperature. Irradiation-induced swelling and 
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temperature for 1 8 h  conservative core design. 

creep (87.163) is also of major importance. However, the design studies 
described in this chapter were completed before its significance was realized and, 
hence, do not include ihis effect. 

8.49 Even if the :ffect of internal fission-gas pressure is minimized by using 
a vented fuel-pin design (§4.44), fuel swelling, which still occurs to some extent 
with burnup, affects the cladding thickness specification. The swelling can be 
slightly reduced by lowering the fuel density by perhaps 5 to  10%. Using lower 
density fuel, however affects the thermal conductivity and, in turn, the size of' 
the void at the center of the fuel. Adjustments in the nuclear design would also 
be in order. The combined effect of cladding thickness, fuel density, and burnup 
on the fuel cost for a typical design is shown in Fig. 8.18. By expressing the 
results in terms of thermal-energy costs, we need not consider the effect of 
thermal efficiency. 

MUCLEAR-DESIGN PARAMETERS 

8.50 Nuclear de!,ign and the parameters involved represent a major part of 
conceptual design study efforts. Such activities are described in Chap. 5 and are 
not considered a t  h g t h  here. In addition to reactivity requirements, the 
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designer is concerned with control, core power distribution, fuel burnup 
patterns, and all the relevant safety parameters. Economic parameters also play a 
role in selection of the “optimum” nuclear-parameter values. In comparing 
design studies, we must also bear in mind that differences in such parameters as 
Doppler coefficient, void effects, and breeding ratio can result from differences 
in the nuclear data used and the analysis approach followed, as well as in design 
specifications. 

8.51 The nuclear-design parameters having the greatest interplay with the 
engineering design are generally those concerned with the power distribution in 
the core as determined by fuel-loading and burnup changes. In the comparison 
radial power flattening is achieved in both the advanced and the conservative 
core by varying the fissile plutonium content in two radial core zones of equal 
volume. Enrichments for the advanced core are 11.3 and 14.5%; the conserva- 
tive-core enrichments are 15.5 and 18.8%. A power profile for the advanced core 
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Fig. 8.19 Radial power distribution at mid-burnup of equilibrium cycle. 

calculated for mid-bui nup is shown in Fig. 8.19. Although the conservative-core 
radial profile is very similar, its axial peaking factor proves to be about 10% less 
than that for the adliariced core. As a result the overall peak-to-average core 
power density is 1.38 in the conservative core and 1.50 in the advanced core. 

8.52 An important economic advantage results from the lower core fissile 
inventory and the Lirger internal-conversion ratio of the advanced concept. 
Although the difference in breeding ratios for the two cores proves not to be 
significant because th: higher internal conversion in the advanced design is offset 
by the greater core leakage and blanket conversion of the conservative design, 
the smaller advanced.core inventory does give a 30% advantage in doubling time. 

8.53 One iiuc1e:tr characteristic that provides some insight into reactor 
behavior is the lieu Iron-flux distribution. For example, a histogram of the 
relative neutron flux per unit lethargy averaged over the two core zones is shown 
in Fig. 8.20. The spectra for the two cores differ only slightly. Therefore 
cornparing safety characteristics involves additional parameters and is relatively 
complicated, as discbssed in $8.60. Thus flux distribution is useful priniarily as 
a starting point for additional analysis. 

8.54 In any de:ign study the effect of uncertainties in both nuclear data 
and analysis method:; should be considered. The parameters affecting reactivity 
are probably of grezltest concern to  the designer. In addition to  questions of 
safety and heat removal, such parameters can affect the economic potential of a 
new concept markedly. A large uncertainty in the alpha value for 239Pu,  for 
example, as was th: case in 1968, introduced uncertainties in the Doppler 
coefficient and sodium-voiding reactivity for the two fast reactor concepts 
discussed here. Adoitional uncertainty was introduced in the doubling time. 
When the two desigils are compared, the ultimate effect of various nuclear-data 
uncertainties proves to be somewhat different, partially as a result of spectral 
considerations, adjustment of the B e 0  concentration, and the interplay among 
parameters in each case. Details are not discussed here since they are rather 
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Fig. 8.20 Flux spectra for the advanced and conservative core designs at 
mid-burnup of an equilibrium cycle. 

specific to  the concept and the primary objective here is merely to emphasize 
the necessity of considering such uncertainties. 

8.55 Evaluating nuclear-design parameters involvcs considering not only the 
uncertainties associated with the nuclear data used but also the suitability of the 
analytical tools applied. Here the guidance of thc specialist is required, 
particularly for fast reactors. For example, in inultigroup calculations variations 
can bc caused by the way group constants are gcneratcd fl-om the basic data. 
Approximations used for flux variations within groups to obtain a flux-averaged 
pointwise cross section can introduce significant  error^.^ Generally, selecting 
analytical tools also involves a balance between the need for an accurate 
description a i d  the computing expense considered appropriate for the objectives 
of a nuclear-design study. For the accuracy normally needed for preliminary fast 
reactor design studies for cores larger than 100 cm in  radius, diffusion-theory 
methods are adequate.8 Results from diffusion calculations of reactivity 
coefficients (fuel, poison, and sodium) and global flux profiles agree quite well 
with those from the more expensive transport calculations (55.68). On the other 
hand, transport theory must be employed if accurate local fliix profiles are 
desired. 

PLANT PARAMETERS 

8.56 Among a large number of noncore (or plant) parameters, several 
interesting parameters rclated to the thermodynamic or steam cycle arc 
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discussed here as exanples of questions deserving attention in a design study. 
Steam conditions, of :ourse, are coupled to the core and the secondary-sodiuin- 
coolant temperature mttern since the lieat source for steam production is the 
sodium coolant, as shown in Fig. 8.21, which is a flow diagram and heat balance 
for the advanced-corf,-plarlt steam system. Since the flow pattern is relatively 
complex and has maiiy possible parameters, optimum conditions are normally 
determined by digital-computer analysis. 

8.57 Shifts in  he specifications for steam pressure in the 1800- to 
2400-psia range at  ;I constant temperature of 950"F, as limited by heat- 
exchanger-material ccnsiderations, have little effect on the economics of energy 
production. An imprcveinent of about 270 in cycle efficiency actually results in  a 
smaller cost reduction because of scaling considerations. When pressure is 
increased, the temperature difference between the sodium coolant and the steam 
being evaporated is reluced, and a larger heat-transfer area is needed in the steam 
generator. On the other hand, the higher steam density and improved 
heat-transfer coeffici2nt work in tlie opposite direction, with tlie result that 
there is little change in  heat-exchanger costs. 

8.58 If the reac or sodium outlet temperature or the steam temperature is 
lowered, however, tkiese effects do not continue to compensate. The resulting 
reduction in temperature-difference driving force across the evaporator tends to 
dominate the design as the coolant temperature approaches the boiling point of 
steam, a theoretical limiting condition that would require an  infinitely large 
evaporator. 

8.59 An increaze in steam superheat temperature from 950 to 1000°F 
improves cycle effic ency about 1.5%. Again, the temperature spread between 
the heat source, tlie sodium coolant, and the steam being heated is reduced. and 
there is a correspon ling need for additional heat-transfer surface. Tliereforc it 

trade-off applies be ween the steam-evaporator cost and other plant costs in 
response to steam conditions. 

SAFETY CONS1 D ERA TIONS 

8.60 In the F reliininary study effort described here comparing two 
competing concepts differences in safety characteristics which might affect the 
acceptability of either concept are explored. A comprehensive safety analysis 
would be carried out at a later design stage. The studies of safety characteristics 
fit into three categoi ies: 

1 .  Analysis of Ihe response of the reactors to  reactivity insertions due to 
severe disturbances not necessarily realizable in an actual plant. This study also 
provides an estiinat- of instrumentation requireinents. control-system response 
time, and possible differences in development requirements between the two 
concepts. 

2.  Consideratio I of  accidents initiated by local fuel failure and the 
propagation of damage. This is particularly relevant to the advanced-core 
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Fig. 8.21 Heat balance for advanced core design. Net plant efficiency is 
41.7%. 

concept for which large-scale core voiding and compaction are assumed to be not 
credible because incipient local failures are detected by suitable instrunientation 
and the reactor is shut down. 

3. Design-basis accident analysis and the determination of contain~nent 
requirements, particularly for the conservative-core concept. 

8.61 Under category I ,  scoping studies were carried out by two- 
dimensional perturbation analysis (55.1 37) using 1 to 5 dollars/sec reactivity- 
insertion rates, and the effects of various feedbacks for the two concepts were 
studied. The amount of reactivity that may be added to the reactor at full power 
without scram and before cladding failure starts was also deterlnincd. The 
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Fig. 8.21 (continied) Heat balance for advanced core design. Net plant 
efficiency is 41.7%. 

feedback picture is somewhat complex but consists prirnarily of the sodium 
void, Doppler. and a,.ial fuel expansion. Differences in response between the two 
core concepts were found to  be minor. 

8.62 Analysis c'f coolant flow reduction also fits into the first study 
category. In the model assumed the reduced flow rate causes a decrease in the 
frictional pressure drop across the core, with a resulting reduction in pressure 
acting on the sodiunl. Thus the tendency for sodium voiding is enhanced as heat 
is released from the fuel to the coolant, which is flowing at a low rate and hence 
quickly rises in tei.iperature. Core dalnage is therefore initiated by sodium 
voiding. Different options are available in the analytical model for scram and 
feedback behavior. 

8.63 The varioiis flow-reduction cases studied in the core col-nparison are 
classified as small ( 2  5% or less) or large reductions. For sinall reductions and the 
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worst possible feedback combination (one-dimensional sodium coefficient and 
no expansion), the peak power for the advanced core was found to be limited to 
1 14% of the operating power with hot-spot cladding temperature w i t h  
tolerable limits. For the conscrvative core the effects are less severe. Therefore it 
was concluded that small .flow reductions appear to be tolerable in both cores, 
although the resulting transient is inore severe for the advanced core. 

8.64 For large flow reductions when scram is not assuined, the likelihood 
of core damage depends on the feedback mechanisms, the fuel axial geometry, 
and the cover-gas pressure. Feedback behavior for two typical cases is shown in 
Figs. 8.22 and 8.23 for the advanced and conscrvative cores, respectively. Voiding 
occurs in each case a t  the elapsed time corresponding to the end of the curves 
shown. A study of the cases analyzed indicates that excessive fuel damage is 
likely if flow reduction without scraiii exceeds a threshold lcvel ranging f r o m  35 
to 55% for the advanced core and from 35 to 65% for the conservative core. If 
scram were initiated by the flow reduction, reductions of 75% or higher, 
occurring in 0.5 sec, could probably be tolerated. The conservative core, 
therefore, offers no major advantage over the advanced core from the 
flow-reduction standpoint. 

8.65 Analyscs of local fuel failure and damage propagation (safety 
consideration 2) are concerned primarily with describing accident situations 
rather than comparing the two core designs. Since the fuel pin, fuel assembly, 
fuel burnup, and operating temperatures d o  not differ significantly in the two 
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Fig. 8.22 Advanced-core feedbacks for 55% flow reduction and axial-fuel 
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cores, immediate res mnse to a local blockage is similar. Differences i n  reactivity 
feedbacks can becorie significant if a sodium void forins in a large part of the 
assembly or if a lai-gt fraction of the fuel melts and redistributes itself. Adequate 
instrumentation for ietecting incipient-failure conditions is therefore important. 
The analyses indicated that limiting damage to one subassembly would be 
diff icult .  On the other hand ,  i f  reliable flowmc ters 0 1  temperature detectors are 
provided on each subassembly, it should be possible to limit propagation to 
seven subassemblies in the reference design chosen. 

8.66 The core-comparison study included an examination of the energy 
release expected frori the prompt critical disassembly of the conservative core to 
define containment requircments. A modified Bethe-Tait (86.160) approach 
was used to  deterini le an effects pattern in response to  various initiating events. 
At the present state of the art, however, a high level of confidence in the results 
is not available wi thmt  additional analytical and experimental work. As a result 
it was concluded that an available work value of 2000 Mw/sec could indeed be 
chosen for the containment design. However, it is still desirable to rely 
somewhat on the control and instrumentation systems to  achieve scram. 
Although, for a similar set of assumptions, the energy release for the 
conservative design is likely to  be less than that for the advanced design, it is not 
certain that in thc: conservative design every conceivable accident can be 
contained within the specifications derived. 

8.67 The safety-parameter study showed that either concept is acceptable if 
adequate safeguard:. are included in the design. A comparison of the two 
concepts must also include economic parameters, however, since the conserva- 
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tive-core conccpt is based on a trade-off betwecn presumed favorable safety 
characteristics and economic performance. Since the study showcd that the 
conservative-core concept still required some reliance on the type of safcguard 
devices ncedcd for the advanced core, it was concluded that the economic 
sacrifice inherent in the conservative-corc concept was not justified. 

ECONOMIC PARAMETERS 

8.68 Differences in safety criteria between the two concepts produce 
technical differences that affect fuel-cycle costs rather than capital costs. Since a 
trade-off is involved betwecn costs and the design parameters, examination of 
the economic factors is important to the design study. 

8.69 A basis for analyzing the fuel-cyclc c o n t r i b u t i o n s  for thc two core 
concepts is given in Table 8.3, which is a summary of the costs for cquilibriuin 
cycles. Fabrication costs for the conservative concept are Iiigher in thc core 
Lolies than are comparable costs for the advanced conccpt, the primary reason 
bcing that the conservative corc contains a larger nuinbcr of fucl pins of shorter 
length and a material of higher enrichment. The higlicr enrichinen t affccts the 
inve 11 tory (fixe d-chargc) con t r i bu ti on to  the fabrication cost . 

8.70 The fissile-burnup costs, which includc plutonium credit, are much 
lower in the advanced core because of the higher internal breeding. On the other 
hand, the high-leakage conservative core shows a high breeding gain in the axial 
blanket which offsets the advanced-core advantage. The radial blanket for the 

TABLE 8.3 

Summary of Equilibrium-Fuel-Cycle Costs 

Cost Axial Radial 
item Core blanket blanket Total 

Advanced Core Design (36-in. Height), mills/kw-hr 

Fabrication 0.131 0.023 0 .O 34 
Fissile burnup 0.137 -0.239 -0.267 
Recovery package 0.056 0.049 0.049 
Working capital 0.263 0.032 0.059 

~ 

Total 0.587 -0.135 -0.1 25 

Conservative Core Design (18-in. Height), mills/kw-hr 

Fabrication 0.168 0.05 I 0.017 

Recovery package 0.050 0.105 0.039 
Working capital 0.298 0.063 0.030 
B e 0  0.018 

Fissile burnup 0.378 -0.521 -0.167 

Total 0.912 -0.302 -0.081 

0.188 
-0.369 

0.154 
0.354 

0.327 

0.236 

0.194 
0.391 
0.018 

-0.310 

0.529 
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taller advanced core i,; a more effective breeder than that for the conservative 
core and thus results in some cost advantage. Owing t o  various compensating 
contributions, the fissile-burnup charges in the two concepts d o  not differ 
greatly. This is cons stent with the slight difference in breeding ratio. The 
closeness of the brecding ratios and the corresponding costs are somewhat 
surprising, however, when we consider the moderation introduced into the 
conservative core by the BeO. 

8.71 The advanccd design also gives some fuel-cycle cost advantages in the 
“recovery package” m d  “working capital” categories, primarily because of 
different refueling-int:rval and inventory requirements. In fact, there is a cost 
advantage of about 0.05 mills/kw-hr in each category. Since a number of 
parameters contribute to the complete picture, the cost-comparison totals 
depend on the respec Live parameter values used whether calculated from design 
specifications or merely assumed. 

8.72 The dependence of the fuel-cycle costs on design parameters can, of 
course, be a basis for selecting optimum design specifications, as described in 
$8.41 et  seq. In addition, the designer can be guided by interrelations that may 
develop among paraneters. For example, the breeding ratio increases with the 
fuel volume fraction but decreases with the core height as leakage to the various 
blankets is reduced. On the other hand, enrichment decreases with fuel volume 
fraction; thus the ccmbined effect of inventory and breeding ratio yields the 
doubling-time trends shown in Fig. 8.24, with only a weak dependence on core 
height. Parametric behavior can be determined by calculating a number of 
systematic variations of the paratneters of interest. For  a concept comparison 
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Fig. 8.24 Doulding time as a function of fuel volume fraction and core 
height. 
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like this one, it is generally satisfactory merely to consider the results froin each 
reference design, However, in selecting the reference specifications, the designer 
should recognize the possible influence of  paranie tric design trends 011 the 
results. 

8.73 The assumptions made for such economic data as plutonium value, 
unit-fabrication costs, unit-recovery costs, and working-capital charge rate may 
also affect the results of an economic design study. Although relative costs are 
not likely to be greatly affected if consistent data are used in concept 
comparisons, economic data that are either too optimistic or too pessimistic 
could produce misleading cost estimates when compared with results for other 
systems. For example, Fig. 8.25 shows the difference in cost between the two 
core designs as a function of plutonium value for both “optiinistic” and 
“pessinustic” economic data. If the pessimistic data should prove realistic, the 
conservative concept probably could not compete with other forms of power 
generation. We also see that the cost range corresponding t o  the economic data 
uncertainty is greater than the cost difference between cores determined by 
using a given set of data for each case. 

8.74 Although in this particular comparison fuel-cycle costs are of primary 
importance, capital-cost effects should also be considered. Consistent with the 
conservative-core-design philosophy of containing the effects of an excursion, 
some additional costs are required in the reactor category; these amount to 
about $1.5 million more than the advanced-concept requirements. Also, the 
containment structure necessary for the conservative core results in at1 

incremental cost of about another $ I  .5 million. The extensive additional 
instrumentation required for the advanced concept, however, results in an  
increment of almost $3 million. Thus a calculation of the capital-cost differences 
shows that the additional costs for containing the cffects of an excursion in the 
conservative concept are almost exactly coinpensated by the additional costs for 
preventing such an excursion in the advanced concept. 

COMPARISON-STUD Y CONCLUSIONS 

8.75 In addition to comparative behavior, information on the character- 
istics of each concept was developed in the study. It was concluded that the 
advanced design should be selected as worthy of additional study in preference 
to  the conservative concept. Major considerations were the high economic 
potential and the likelihood that devices could be developed which would 
produce a design with acceptable safety. It was also concluded that probabilistic 
methodology should be applied to  ensure a safe design. Although the 
conservative-core concept, with its dependence on containment, appeared to 
require somewhat less development effort, safety instrumentation for reactor 
scram and the use of probabilistic design to ensure an adequate level of safety 
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optimistic and Iessirnistic economic data. 

Advani:ed- and conservative-design fuel-cycle costs determined from 

Optimistic Pessimistic 
Econoiiuc criteria approach approach 

Working capital ciarge rate lO%/year 13%/year 

Core-fabrication costs 
(excluding in\ entory costs of fissile 
materials), $/l:g (U + Pu) 

Advanced 132 294 
Conservative 175 35 5 

Recovery costs (excluding 
inventory costs of fissile materials), 
$/kg (U + Pu) 

Advanced 72 140 
Conservative 61 140 

were still needpd. In other words, despite the favorable sodium-void criterion, 
uncertainties in acciaent analysis are such that it is still desirable to apply some 
of the approaches re#.pired in the advanced design to ensure safety. As a result. 
the advanced design, with its greater economic potential, is favored. 
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EVALUATION AND DESIGN METHODS 

IN TR 0 D UC TI 0 N 

8.76 Critical evaluation is an integral step in the design process. In the 
systems approach, as shown in  Fig. 8.1, an initial solution to  the design problem 
is evaluated by comparing it with established criteria, and the design process is 
iterated if the solution is found to be unsatisfactory.’ Design efforts often 
require evaluation of a different sort to determine whether the methods used 
provide results within the desired confidence limits. Wc must be sure that all the 
parameter interplays that might affect the result have indeed been considered. 
Examples of such considerations were given in  the previous discussions. The 
following sections supplement such examples and provide general perspective on 
the interrelated role of critical evaluation and design methods. 

Range of Evaluation Requirements 

8.77 In most practical design situations, decisions are not as easily made as 
is implied from the systems design approach in Fig. 8.1, i.e., by the 
straightforward comparison of two numbers, one representing a design param- 
eter and the other the criterion. One problem is the uncertainty of confidence 
levels in both the design-parameter determination and the criterion value with 
which it is compared. I n  fact, the evaluation process may be applied to the 
analysis confidence level itself. A “no” decision could be based on excessive 
uncertainty i n  the design value being considered, and a requirement could be 
that additional information be developed to  improve the confidence level. A 
second complication is the large amount of interplay a n o n g  design parameters. 
The specification under consideration is always the result of compromise. 
Considerable engineering judgment may be necessary to establish a framework 
suitable for evaluation, wherein subjective estimates contribute to  the “yes-no’’ 
decision. I n  addition, criteria for the evaluation may not be available and inay 
have to  be developed, and extra costs may be entailed. 

8.78 The need t o  optimize design parameters may further complicate the 
procedure. Although proper evaluation of a proposed reactor concept or a new 
system is made only on an optimized design, funds for the optimization effort 
are not likely to be available until an evaluation has demonstrated that the 
additional design expense is justified. As part of the evaluation, it is therefore 
desirable at least to  recognize the likely trends of design parameters as they 
move toward optimum values and the possible effects on the results. 

8.79 Since computer calculation methods are used for most reactor-design 
efforts, the designer very often must coinpromise between a desire for results as 
accurate as technically possible and budgetary limitations on computer expense. 
This is particularly true for nuclear-design calculations, which can be very 
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elaborate and costly it the most complex methods are ~ised.  Thus an iinportaiit 
ev;iltlatioii is to determine whether the calculational models used and the design 
methods applied to th-m are sufficiently accurate. Of course, what represents :I 

“sufficien t” degree of accuracy varies with the specific calculation and tends to 
cvolvc as ;I result of de;ign practice. 

8.80 Applying tli? “cost-of-the-beilefitt;“ criterion can provide seine guide- 
lines in establishing criteria Lor calculational accuracy. Often a monetary value 
can be assigned to  the design t~nccrtainty associated with a particular approach. 
For example, a small percentage of iinproveiiient in  core average power due to 
reducing the uncertaiiity of such parameters as  power peaking 01- departure fi-om 
nucleate boiling (DNB) coiidition can yield substantial economic rewards. The 
cost of calculational irie tliods needed to reduce thc uiicertainty may ,  therefore, 
be compared directly with the savings anticipated as a result of their use, and an 
optimum level of calc. dation effort can be determined. 

I n  m a t ~ e r s  of safety aiialysis and evaluation. i t  Is often difficult to 
develop an economic basis for the confidence level. Acceptable confidence levels 
inay be prescribed t y adopted standards and codes or by liceiisirig agencies. 
Often, however. the desigr~er can establish confidence criteria for liiniself by 
considering the alter] atives available to him and determining whether the morc 
sophisticated, and p8.esumably more expensive, analysis method docs indeed 
provide a significantly higher level of confidence in  the safety of the system. 
Also, keep in mind that interplays ainong parameters are frequently quite 
complex and thus sollie variable other than the one under consideration can liave 
a controlling effect o 1 the safety characteristic being considered. 

8.81 

Role of Performance Testing in Evaluation 

8.82 Related to design evaluation is performance testing, from which some 
guidance in selectink, design criteria can be obtained. As for many engineering 
structures, process plants, and power plants, a program of “acceptance tests” is 
prescribed for the f,icility after it has been completed to  determine whether it 
meets design specifit:ations and is acceptable to the purchaser. Such tests vary 
but norinally are carc:fully specified in the purchasing agreement. 

8.83 Performance-test codes have been, or are being, developed for various 
parts of nuclear power plants. These generally evolve froin experience and 
represent the state of the art. Committees of the American Society of 
Mechanical Engineecs (ASME), for example, have developed performance-test 
codes for nuclear steam-supply systems and for nuclear reactor fuel.* I n  the 
code development ‘emphasis was given to pressurized-wa ter and boiling-water 

*ASME Perfor1nanc.e Test Code Coininittees 32.1 for Nuclear Steam Supply Sys t ems  
and 32.2 for  Nuclear Rf:actor fuel. 
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reactors. For pressurized-water reactors uniform procedures are established for 
conducting tests to  determine the performance of a nuclear steani-supply system 
as a unit. Such performance codes provide solile guidelines for evaluating the 
engineering design of the system. 

Types of Criteria 

8.84 Many kinds of criteria can be evaluated. For commercial nuclear 
power plants, it seems appropriate to consider perforinance, safety, and 
economic criteria. These areas are closely related to  one another. Perforinance 
involves engineering criteria, which tend to  interact with economic criteria. 
Safety criteria must be niet if the design is to be acccptable. Since safety 
evaluation is treated in Chap. 6, engineering and economics evaluations are 
emphasized here. Because of the interplay between parameters. however. the 
distinctions between these criteria often are not strong. 

Independent Evaluation 

8.85 A type of evaluation that is somewhat separate from the process 
shown in Fig. 8.1 is that carried out by an independent organization to 
determine the merits of a design submitted by a sponsor seeking financial 
support for additional work on the concept. In addition to  comparison with 
criteria, this evaluation is likely to verify features of the proposed concept by 
independent design calculatioiis. 

REVIEWAND ANAL YSlS OF DESIGN APPROACH 

8.86 We have emphasized the importance of reviewing the adequacy of the 
design method as a feature of the evaluation step in the generalized design 
process. Recognition by the designer of  interplays between parameters is also 
essential. However, a design review is often concerned primarily with the design 
considerations themselves. The following sections discuss some of these design 
considerations from the evaluation viewpoint and summarize previous material. 

8.87 Of primary interest in reviewing the reactor system design in terms of 
engineering criteria is the response of the system as a whole to  a disturbance or 
change of a parameter. This response is the net result of the contributions of the 
subsystem comprising the system. But the subsystems, which are likely to  
interact in complicated ways, are normally subject to constraints in their 
individual response. For example, local power peaking in the core and 
fuel-temperature limitations are coininon constraints on parameters such as 
power density. As a result it is usually necessary to  consider each subsystem 
separately as well as the system as a whole. I t  is well to point out  again, however, 
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that a rigorous systems engineering approach has yet  to  receive wide acceptance 
among reactor designers. Thus individual pararne ters are often given primary 
attention in the criteria comparison, and secondary consideration is devoted to 
interplay effects. Interplay effects, however, deserve careful attention because 
they may operate in clpposing directions on a given parameter, and thus tlie 
designer may not be sure whether changing a parameter value in a given direction 
will produce the desired change in the response of the entire system. For this 
discussion the core and vessel are considered a single subsystem to focus 
attention on the design variables and their interplay which should be considered 
in the evaluation. 

8.88 As indicated in Fig. 8.2, it is useful to  classify core-design efforts into 
three primary areas: nuclear design, thermal-hydraulic design, and materials 
design. These areas provide a framework for additional discussion from the 
viewpoints of design ev.iluation and economic parameters. 

Nuclear-Design or Physics-Analyses Evaluation 

8.89 Examining the nuclear-design procedures and establishing a level of 
confidence are import;tnt in the engineering evaluation. Three general objectives 
are involved: 

1. Determination :If fuel inventories and lifetime fuel requirements needed 
for the fuel-cycle cost inalysis. 

2. Development o-’ the power-distribution pattern in the core for use in tlie 
thermal-hydraulic design. 

3. Analysis of rea( tivity coefficients as needed for the safety evaluation. 

As discussed in Chap. 5 ,  the approaches used are not independent. The 
calculations are of two basic types, however. One is concerned with the 
instantaneous behavicr of the system and the other with changes during the 
operating history of the reactor t o  determine system fuel requirements. 

A naly tical Techniques 

8.90 A wide variety of computational techniques is available for nuclear 
design. They vary in requirements from approximate calculations intended for 
“scouting” surveys to detailed, sophisticated analyses with multidimensional and 
heterogeneous represimtation for interpreting critical experiments. Some of 
these approaches werc: mentioned bricfly in Chap. 5 and, being complex, are not 
described here; only some general coninients are provided for orientation. A 
nuclear design can be independently evaluated only by a specialist who is able to 
determine whether tlie techniques are appropriate for the design objectives. 
Furthermore, inany aieas are still in a state of development. 

Reactor manufacturers generally have developed their own calculation 
procedures, which may be very specific for the types of core lattices in the 
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reactors they market. Evaluation may be somewhat difficult but can be 
simplified by showing comparisons with either experimental results 01- calcula- 
tions performed with generally recognized procedures. 

Nuclear Data 

8.92 The validity of the nuclear-design calculations depends strongly on the 
riuclear data used and on tlie method of reducing the data to the form required 
by the specific calculation procedure. I n  multigroup calculations, for example, 
cross-section data obtained from a code “library” must be reduced to relatively 
broad group constants by averaging over the neutron spectrum. Therefore a code 
must be used in an iterative procedure to calculate the spectrum. In the 
independent evaluation of a nuclear design. therefore. tlie source of the con- 
stants used deserves attention. 

Fuel Loading and Depletion 

8.93 Initial fuel loading can usually be determined by straightforward 
eigenvalue calculations using a two-dimensional inultigroup diffusion code. In 
considering depletion, we can use the fluxes developed from this problem to 
calculate reaction rates for a specified time, at the end of which the eigenvalue 
problem can be repeated and new fluxes determined, and so on. 

8.94 Describing isotopic changes accurately tends to be a challenge since 
both space and time dependencies are involved and compromises are necessary 
to keep the calculation from becoming too complex. Uncertainties in depletion- 
analysis results are of importance primarily in evaluating fuel performance rather 
than in the initial design. It is true, however, that expected fuel performance can 
have a inajor effect on the reactor’s economic potential. Some flexibility is 
normally available in the design and specification of replacement cores. T ~ L I S  
evaluation of the depletion-analysis methods need not be of major concern in 
the design evaluation of the reactor system if the results presented and the 
methods used appear to  be within the range expected from experience with 
similar reactors. 

Power Distributions 

8.95 A detailed temperature “map” of the core depends on the calculation 
of power-generation distribution. Since tlie designer is concerned with the 
relation of power distribution to limiting conditions involving peak fuel 
temperature or heat flux (#8.100), he needs to  determine local neutron-flux 
distributions under various projected operating conditions at different times 
during core life to ensure that the limitations are not exceeded. 

8.96 The calculation presents considerable challenge. The control rods, 
part-length rods, burnable-poison rods, and tlie fuel-burnup distribution are all 
significant in establishing the power distribution. I n  addition, thermal-hydraulic 
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and Doppler feedback considerations can have an influence. I n  pressurized-water 
reactors, where part-lc ngth rods may be used, for example, the behavior of the 
channel axial power i i  response to core overpower can affect the acceptability 
of the specified power density. 

Reactor i i i ;  nufacturers have developed confidence in the analytical 
procedures and desigr methods used for water-moderated reactors by comparing 
them with results froin critical experiments and operating reactors. How 
appropriate such me .hods may be for new concepts must be evaluated since 
geometry and otliei parameters may differ. Unfortunately evaluation is 
sometimes difficult siiice some of the procedures are proprietary. 

8.97 

Kinetic Characteristic Y 

8.98 The response of the reactor core to  both normal and abnoimal 
changes in operating conditions must be determined as part of the design effort. 
As described in Chap 6,  the reactivity response is nornially expressed iri t erms  of 
feedback coefficient! that are likely to  change i n  value during the life of the 
core. These include nioderator, Doppler, and power coefficients. Another a i m  of 
nuclear design required for safety evaluation includes cuntrol-rod worth i t nd  

related characteristic:;, xenon stability, and other reactivity-related inputs needed 
for accident analyses. This is a large, sophisticated area that for many concepts i q  

still in a state of development. 

Thermal-Hydraul ic Design 

8.99 Thermal-hydraulic parameters include the coolant flow pattern. 
coolant properties, heat-transfer coefficients, and such considerations as boiling, 
two-phase behavior, and interchannel mixing. Some o f  these are indicated i n  the 
integration pattern given in Fig. 8.2, and the design interaction for a fuel 
element for a liquid-metal fast breeder reactor is shown in Fig. 8.3. These 
illustrations ernphasjze that the tliermal picture of the reactor core is complex 
and that the conside .able interplay among parameters must be considered by the 
designer. 

8.100 The d e s i p  iteration required can best be handled through the use of 
digital-computer me ,.hods. The calculation flow sheet for one such code, KEPP. 
for water-cooled rekctors' is shown in Fig. 8.26. Both pressurized-water and 
boiling-water reactoi cores can be designed with reactor power, burnout heat 
flux, and fuel center-line temperature as the design limits. Pressure drop. coolant 
temperatures, surface heat fluxes, and fuel center-line temperatures are predicted 
from input data and a thermal-energy balance at various mesh points in ;I 

one-dimensional ca18:ulation. Iteration is used to determine geometry and core 
size for a given power level. Either square or triangular lattice designs can be 
accommodated. 
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Fig. 8.26 REPP flow chart for water-cooled reactors. 

8.101 Some of the features of this program illustrate the type of 
calculational capability available to  the thermal-hydraulics designer. The 
program includes three major steps: 

1. Calculation from input data of an initial core geometry and prediction of 
thermal and hydraulic conditions throughout the core. 
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2. Deterilliliation by iteration of the core size required so that the 
thermal-hydraulic p2 rameters compare favorably with design criteria, particu- 
larly burnout heat fl I X ,  at a given reactor power level and a specified power 
distribution. 

3. Design of a core, including fuel-pin diameter required to perform within 
specified fuel center-l ne temperature limits a t  a specified reactor power level. 

After each step is coinpleted, the user can either request the output and call for 
another case or continue the design process through the next step as indicated in 
Fig. 8.26, which servc s as a “road map” of the procedure. 

8.102 In calcul;iting the therinal-hydraulic conditions in the core, we 
define from 10 to 100 nodes parallel to a coolant channel. At each nodal 
position both nomi la1 and hot-channel conditions are predicted, based on 
peaking factors, energy and nioinentiiin balance. and nominal conditions. Both 
one-dimensional con Auction and forced convection, including local boiling, are 
considered; for thi!. the relative power profile (local/average), the relative 
fuel-pin heat-generation rate (local/average), and a thermal-conductivity profile 
are used as input par;imeters. 

8.103 The loca heat flux at each of the nodes and the energy increase of 
the coolant arc calculated by using the integrated power-profile data and, in 
turn, the coolant tcmperature and local-fuel-surface temperature based on a 
calculated heat-transfer coefficient. A fuel-pin temperature profile perpendicular 
t o  the coolant chmnel can also be determined from integrated thernial- 
conductivity data and integrated radial-heat-generatiorl data. 

8.104 After thtt thermal-hydraulic conditions are described, the user can 
transfer control to  the output section, concluding the run, or can cause the code 
to iterate on a core heat-transfer surface area that will be limited by heat flux. In 
this process a bumout  heat flux is calculated for each node by using 
seinieinpirical corre ations and input data. The position of minimum departure 
from nucleate b o i l i ~ g  ratio* (MDNBR) is located, and the core is sized on the 
basis of conditions at this location. This is accomplished by transferring control 
to  a sizing routine where the equivalent core radius, the core length, the number 
of fuel pins, and other parameters are adjusted t o  satisfy the heat-flux 
requirements. Aftei the core parameters are modified, control is transferred to 
the beginning of #.he program and the process is repeated until the design 
heat-flux requirements are met a t  the point of MDNBR. The reactor power level 
is left unchanged in the process. 

8.105 When the core sizing routine is completed, control can be transferred 
to the output sectiLm, concluding the run, or the process can be continued, with 
a fuel-pin center-line temperature limitation used to  determine a fuel-pin 
diameter that wil! perform within desired temperature requirements when 
subjected to hot-channel conditions. This option requires more coinputer time 

*The DNB ratio is -qual to the local burnout heat flux divided by the lucal heat flux 
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than the previous cases because each tinie the fuel-pin diame ter, and conse- 
quently the fuel-pin pitch (as mitigated by the temperature requirement), is 
modified, control is transferred to the beginning of the program where a new 
heat-transfer-limited core based on the new rod size is generated. 

8.106 In design calculations involving descriptions of physical phenomena, 
the accuracy obtained is limited by the relations used in the analysis. 
Thermal-hydraulic calculations are particularly subject to uncertainties since ii 

number of relations, all having some error, are involved. These include relations 
for heat transfer, the need to locate the point of incipient nucleate boiling, 
pressure drop under two-phase flow conditions, coolant cross-flow effects, and 
hot-channel effects. In addition, when comparisons must be made with lilniting 
parameters, uncertainties in the analytical expressions that can be used for the 
paraine ters are iis~ially involved. For example, for pressurized-water reactors the 
W-3 correlation can be used to evaluate DNB conditions ( 3  34.77 and 4.78). For 
boiling-water reactors empirical burnout curves (94.79)  can be used. Although 
these may well represent the best description available, their possible limitations 
and the potential for iinprovemen t should be recognized. In the iiiathematical 
models used tu represent heat transfer and fluid flow in the core, accuracy is 
likely to be limited by the uncertainties in  the equations used to predict heat 
and momentum transfer rates. With computers available, the conduction 
heat-transfer models used are probably fairly complete. Inherent uncertainty, 
which may be as high as 20%, however, can be found in the convection, 
flow-distribution, and fluid hea t-transfer relations. About a 20% uncertainty is 
also associated with DNB predictions for water-cooled reactors. 

Materials Criteria 

8.107 The reactor core must be constructed of materials that will retain 
their properties for a long period of time in the severe environmental conditions 
normally existing in the core. Since many different types of materials are used 
(e.g., for cladding, fuel, and core structure) and since requirements for each 
inaterial vary, the subject is a complicated one. Checking the suitability of the 
inaterials selected is important in the design evaluation. This could be 
accomplished by comparing properties of the materials with criteria evolved 
from design specifications. However, a frequent challenge is to  estimate the 
material's performance under reactor operating conditions. In addition to making 
a straightforward comparison, therefore, the evaluator may consider the 
evidence available to justify inaterials-perforiiiaiice predictions, including the 
confidence limits of available data. 

Fuel-Elemen t Evaluation 

8.108 In most reactor designs much of the materials evaluation concerns 
the fuel elements. Cladding and fuel-element temperature distributions are 
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generally determined as part of the thermal-hydraulic analysis. This picture can 
be compared with ciiteria for the specific materials selected. Dimensional 
changes, strength, and corrosion of the cladding are of particular concern. In 
ceranlic fuels the poss.bility of central melting is usually considered undesirable, 
particularly for fast ieactors, because vertical rods could suffer fuel redistri- 
bution or slumping and local hot spots would be likely to  develop. Finally, the 
effect of burnup on temperature-related parameters must be considered. In 
addition to a shift in oower distribution, there are likely to  be a lowering of the 
thermal conductivity o f  the fuel, with a corresponding higher central tempera- 
ture, and deterioratic-n of the cladding physical properties, all as a result of 
irradiation exposure. 

8.109 At the hif,h burnup desirable for fast reactor fuels (88.701, fission 
gases are released and internal pressure can build up in the fuel pin, with a 
corresponding effect on the stresses applied to the cladding. In addition, the 
possibility of some f L  el swelling from the accumulation of fission products must 
be considered. 

8.110 The ~nechanical and chemical behavior of the fuel pin and cladding 
combination at extremes of temperature, radiation, and operational cycling is 
another area of reviexw. The fuel cladding might possibly collapse under external 
pressure. In addition to corrosion by the coolant, the compatibility of the fuel 
cladding and the fuel coolant should be considered. Vibrational effects are also 
worthy of attention. 

8.1 11 Often ovxlooked is the “inanufxt~irability” of the fuel-element 
system. The system :;hould be designed so that it can be fabricated at reasonable 
cost with manufactui irrg tolerances at  low levels consistent with the need for low 
engineering factors. 

Other Core Materials 

8.112 In addition to  the fuel assemblies, the core materials include the 
internal structure relpired to  support the fuel, the various flow baffles, and the 
control-rod assernbli-s. Most reactors have a lower grid structure for supporting 
fuel and perhaps associated baffles for separating coolant streams. In design 
evaluation the difficulties involved with such matters as accessibility for removal 
of foreign objects and the possible removal and replacement of the structure are 
of concern. The structure must, of course, be properly designed for its intended 
function and be fabiicated of suitable materials. 

8.1 13 The control-rod system is usually considered with the instrumen- 
tation and control requirements. From the materials viewpoint, however, the 
design must provide for dimensional stability over long periods of time under the 
severe environmental conditions in the core, including neutron irradiation. 
Design details diffei considerably among concepts, with corresponding different 
materials requirements. In boiling-water reactors, for example, where cruciform 
B4C blades are generally used (96.471, an operating lifetime of about 14 
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full-power years is usually planned. Lifetime is limited by both loss of rod 
effectiveness and deterioration of mechanical properties. 

Reactor Vessel 

8.1 14 In reactor concepts requiring a thick-walled vessel, the vessel system 
is a major plant component. Since one or more radial thermal shields are 
normally needed to reduce the fast-neutron exposure and gamma flux at  the 
vessel walls, the design requirements for the shields are integrated with those for 
the vessel. In pressurized-water and boiling-water reactors, which have reached a 
high stage of development, the reactor vessel is designed, fabricated, and tested 
in general accordance with the American Society of Mechanical Engineers Boiler 
and Pressure Vessel Code. I t  is usually fabricated from low-alloy steel clad on the 
inside with stainless steel to  minimize corrosion. Advanced concepts, such as a 
steam-cooled fast breeder reactor, may not be covered by the ASME code and 
thus may require special attention. Prestressed-concrete reactor vessels, usually 
specified for gas-cooled reactors, may also require special analysis. 

Noncore Steam-Supply-System Parameters 

8.1 15 In accordance with industrial practice, the responsibility of the 
nuclear engineer is norinally limited to  the nuclear steam-supply system, which 
includes the reactor and the steam-generating equipment required to  transfer the 
energy generated in the reactor to the working fluid of the power cycle. 
Previously in this section attention has been given to  parameters applying to core 
and vessel design. Since these are the key parameters that define the system, at 
least a t  the conceptual stage, they deserve emphasis. Noncore parameters are 
those associated with the coolant system and steam generators. Coolant 
circulation rate and temperature pattern, on the other hand, are best considered 
as part of the core-dcsign specifications. Among the various iioiicore paraiiie ten,  
those affecting tlie power-cycle efficiency (e.g., the steam-generator temperature 
pattern and operating pressure) are probably the most significant at the 
conceptual stage. Other parameters, such as coolant-pump specifications and 
material selections, are vital t o  the finished design but d o  not greatly influence 
the potential of tlie concept and do not interplay strongly with parameters that 
do. Problems requiring significant research and development effort may possibly 
arise, however. 

8.116 In evaluation it is appropriate to  give primary attention to  the 
core-design-related paraine ters and to review carefully possible design problems 
in the noncore system. I n  sodium-cooled fast reactors, for example, the 
development of a satisfactory steam generator represented a major challenge. 
Questions of component reliability and quality assurance. which could affect the 
engineering perforniaiice of the design, should not be overlooked. 
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8.1 17 Arrange:nc:nts for refueling, practicality of the component layout, 
number of coolant loops, and features affecting the ability to provide 
maintenance at reasonable cost are other important areas in the engineering 
eva!uation. Such plant engmeering features as these have an important bearing 
on the capital cost. Although optimization may not be attempted in a 
preliminary design d u d y ,  the features chosen must be acceptable if the 
correspondmg cost ar alysis is to  be valid. 

Economic Criteria 

8.1 18 To evaluz te the present and/or future economic perforr-nance of the 
concept is an objective of most reactor-design studies. This is usually done by 
determining power costs under a set of reference economic conditions ( $ 8 . 7 3 ) .  
It is usually helpful to calculate the power costs in terms of capital, fuel-cycle, 
and operation and inaintenance cost components as an analysis guide. Fuel 
economy can be c.msidered but usually is not a primary consideration in 
determining the potential of a concept (87.1 13). Also important in the cost 
analysis is to  providz a framework for selecting optimum design parameters, as 
mentioned in $8.37.  for fast reactors. Figures 8.27 and 8.28 illustrate for 
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Fig. 8.27 Savings in light-water-reactor pressure vessels as a function of core 
power density. 
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Fig. 8.28 Differential savings in stcani-generator costs for pressurized-water- 
reactor plants. 

light-watcr reactors tlic influences on steam-gencrator costs of core power 
density and coolant temperature rise in tlic pressure vessel, respectivcly. 

8.119 The reference economic conditions may vary from year to year 
depcnding on priccs, interest rates, etc. Therefore it is desirablc to  detcrmine 
whether conclusions reached arc likcly to  be affccted by changes in thc reference 
ecoiioinic conditions assumed. A parametric study or sensitivity analysis can be 
carried out by using a computer program to calciilate costs and by systcmatically 
varying the input refcrencc-economic-condition values, as described i n  8.73. 

Fuel Costs 

8.120 Among the several cost components, the fuel-cycle costs are most 
difficult to  determine, primarily because many parameters that contribute to  the 
fuel cycle are effective throughout the lifetime of the plant. As a result, as 
described in Chap. 3, a wide range of sophistication is possible in fuel-cost 
analyses. In a simplified approach a time-averaged cost can be calculated by 
using assumed values for plant parameters, such as load factor and efficiency; 
fuel-cycle economic parameters, such as unit-fabrication and separative-work 
processing costs; and financial parameters, such as the rate of return on invested 
capital, interest rates, and taxes. If more accuracy is desired, changes in 
parameters occurring from one year to  another during operation can be 
considered. Some attempt can still be made to develop levelized costs by using 
present-worth techniques ( §  2.33) to  account for cash flows at different times. 
At another level of sophistication, we might consider operational parameters of 
the utility network, e.g., load sharing betwecn plants due to shifts in incremental 
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fuel costs (87.56). I n  f x t ,  greater and greater complexity can be developed by 
considering more and m.)re detail. 

Since attempts to forecast market conditions and various othei 
parameters for long perods  of time are subject to  inherent uncertainties, there is 
a liiiiit to the degree of sophistication in fuel-cycle analyses which is meaningful. 
Since standard appi-oac ies have not yet evolved, the evaluator of a design cost 
estimate must use considerable judgment in determining whether the procedure 
and its accuracy are cor sistent with the objectives of the design effort. 

8.121 

Capital Costs 

8.122 Capital-cost estimates iricluded with a conceptual design study can be 
evaluated in several ways. Comparison with cost data or estimates for analogous 
sys tem may  show some areas of difference which should be investigated. 
Agreement with othc r studies does not necessarily indicate confirmation, 
however, since the same sources may have been used for all estimates. Where 
possible, independent ,:stirnates of major components can be made, perhaps with 
the aid of manufacturers’ bids. Finally, the evaluator’s cost experience can 
provide guidance regarding the reasonableness of the estimate. 

8.123 In advanced-concept studies the possibility of uncertainties in the 
capital costs s11ould be recognized. Some of these can be attributed to 
uncertainties in desigii features. When competing designs for the same concept 
are being considered, differences i n  component layout or safety features may 
lead to diffcrent results; this in turn, may be interpreted as an uncertainty. 
Finally, cost projections over a period of years, normally required for advanzed 
concepts, involve coiisiderable uncertainty in the indirect costs that inay be 
appropriate and the e~:onomic parameters  t h a t  should b e  applied. 
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Some Optimization 
Approaches 

I NTR OD UCTl ON 

9.1 As part of the engineering design process, optimization is concerned 
with the search and d~:cision activity needed to obtain a solution most favorable 
with respect to  a givei: criterion. This can be described in a slightly different way 
as the process of delerinining the system parameters and mode of operation 
which maximizes a prt scribed figure of merit. 

9.2 This chapter s intended t o  draw the attention of the designer, who may 
be uninitiated in optiinization procedures, to the mar~y possible approaches that 
may prove useful to  him. Consistent with such a limited objective, only a 
superficial discussion is given, with matheniatical theory at a minimum. Since 
such theory is relatively sophisticated, the reader must consult other sources to 
develop the backgrouiid needed to  apply the methods to  real problems. 

9.3 A wide variety of methods have been developed for determining the 
optimum solution to a problem. If a mathematical model of the problem can be 
formulated, the generally familiar methods of the calculus are available for 
determining maxiina ind minima.' For a single variable the behavior of the first 
and second derivative:: can be used t o  locate ~naximuin and miniiiium points on a 
curve. The methods of partial differentiation can be applied when a function of 
more than one hide 2endent variable is considered. In recent years the more 
sophisticated of the differential methods have become part of a discipline that 
can be called optimizdiuiz theory, as discussed later (59.14). 
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9.4 For many years before optimization theory evolved, engineers also used 
graphical methods to  find the “best” variable or combination of two variables in 
a given design, particularly in situations that did not lend themselves to 
mathematical modeling. In  simple cases where an optimum value of one 
independent variable is desired with respect to  a criterion such as cost, various 
contributing costs can be plotted as a function of the independent variable. The 
algebraic win of the ordinates at several values of the independent variable can 
then be used to  plot the total cost as a function of the variable with an optimum 
obtained at the minimum cost value. Such a procedure is frequently used to 
analyze fuel costs as a function of burnup, as shown in Fig. 9.1. 

k 
Depletion I 
Work ing  capital 

0 
10,000 20,000 30 000 

F U E L  BURNUP. Mwdtonne U 

Fig. 9.1 Typical fuel-cycle costs as a function of burnup. 

9.5 Another example is shown in Fig. 9.2 from a design study for a 
flash-distillation water-desalting plant.’ In such a plant the steam, which serves 
as a heat source, can be more efficiently used if the temperature differential over 
the brine heater is reduced and additional heat-transfer surface provided. As a 
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Fig. 9.2 Water-production cost optimization, 1 Os gpd plant. 

result a trade-off ar'plies between the cost of steam and the fixed charges 
associated with the hmt-transfer surface. 

9.6 If several irdepetldent design variables are to  be determined, guesses, 
based on past experience, would be made of suitable values as an initial step, and 
then the necessary ciependent variables would be determined to establish the 
design. An optimizalion process can then be initiated for a criterion, such as 
cost, by taking the first independent variable and detertnining systeln costs 
corresponding to sev8:ral assumed values both larger and smaller than the original 
guess. The total cost can then be plotted vs. the variable, and an optimum value 
can be obtained fror i  this curve. The dependent variables can then be adjusted. 
This procedure may be repeated for all independent variables in turn to yield a 
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“first-round optimized design.” Since i n  practical situations the assumed 
“independent” variables can have soiiie dependency, additional iteration may be 
necessary to achieve a satisfactory optimum combination of  variable^.^ This 
approach is quite tedious but can be ni,ade less so with the digital computer. In 
fact, variations of this approach using computer programs are still widely used, 
including some applications to nuclear systems.4-5 

9.7 Foi- a number of years, therefore, two different types of optimization 
approaches have been developed. First, classical approaches based on the 
calculus provided means of op t imihig  continuous variables with differentiable 
functions. A geometric background formed the basis of many of the problems 
considered. Optimization theory from classical calculus was developed primarily 
before the end of the nineteenth century. A second, much less elegant, parallel 
effort used grapliical and approximate solutions to practical probleiiis that 
gcnerally could not be solved by the calculus. 

9.8 The development of the digital computer and the requirements of 
World War 11 led to  advances in optimization theory as part of a subject known 
as operutions research, in which the characteristics of matliematical models of 
complex logistic, production, and distribution systems were studied. As digital 
computers became more sophisticated, the solution of problems containing 
many variables and the development of iterative optimization schemes became 
practical. Modern optimization theory tlierefore evolved as a way of solving 
complex decision problems. Such search methods as linear prograinming, 
11 onliii ear program mi ng , an d d y n ainic progr amnii ng we re deve I oped . 

TERMINOLOGY 

9.9 Before we discuss soiiie of these techniques as background for possible 
nuclear applications, some terms should be d e f i ~ i e d . ~  The modeling, or 
inathematical representation of the problem, is a key requirement for any 
optimization approach. I n  fact, there may be a degree of refinement of the 
model itself wliich is optimum in response to conflicting requirements of 
economy and the cost of sufficiently detailed representation. A minimum or a 
maximum value is sought for an objective function which depends on state 
variables and paranzeters* but which may be subject t o  construints. In other 
words, we can measure the overall effectiveness of the design model by the 
objective function, or, as it is sometimes called, the criterion function. The 
functional relations can be quite complex in practical cases, the objective 
function being determined by a number of dependent variables, each of which in 
turn may depend on numerous parameters. A major challenge in most 

*Variables can be manipulated t o  achieve the desired objective. but  parameters are not 
controllable, although they do affect the objective. 
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optimization, therefore. is the setting up of the objective function with the 
necessary quantificatir)~~ of the variables and parameters. 

9.10 The general optimizatioii problem can be formulated as in Eqs. 9.1 
and 9.2. I t  is desired to deterniine values for /i-decisio/z variables x l  ,..., x,, that 
satisfy the equalities c L' inequalities 

and maximize or min inize the function 

The restrictions in Eq,  9.1 are called the constraints, and Eq. 9.2 represents the 
objective function. Eiluation 9.1 designates a set of equations and/or inequalities 
that determine the re;;io/z offeasibility of the problem. 

I n  most cptirnization problem limitations oii the values that the 
decision variables caii assume are generally given by specifying a constraint set. 
Any set of decision variables satisfying the constraints is known as a feasible 
solution to the modcl. However, the optimum solution is the one which results 
in the inaxiniuin or li1i~nirnum of the objective function. When the objective 
function must also satisfy relations between the independent variables, the 
optimum lies on a boundary of the feasible region, where standard indirect 
(§9.15) inetliods are not valid. It is possible, however, to transform such a 
problem into a new one having the optimum inside the feasible region (89.21). 
Inequality constrain .s can frequently be handled by the same methods used for 
equality constraints by reformulating to introduce a slack variable, which 
provides a basis fcr a class of optimization problems called mathenzuticul 
programmirig. 

9.12 In the forinulation of optimization problems, the objective function, 
or pyyof f  function, is also frequently considered a state vector, whose value is 
determined by a st,t of decision-variable vectors, x,,, and a set of parameter 
vectors, pi*.  The values of x contribute to  a decision policy that can be adjusted 
to  obtain the best value of the objective function within the limitation of the 
constraints. In mu1 tistage decision processes, to which dynamic programming 
($9.49) can be applied, each stage in the progression can be described by a set of 
state variables. 

9.13 In all tyF'es of optinuzation problems, the solution to a model is no 
better than the model itself. As is true in much of design analysis, therefore, a 
trade-off occurs be tween accuracy of representation and the approximations 
needed for practical analytical solutions. In optimization work a simple model is 
normally suggested as a first step. I t  also provides a basis for sensitivity analysis, 
in which the effects of changing the values of variables, parameters, or 
constraints can be studied. If parameters and variables apparently having a 
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negligible effect on the objective function can be identified, it may be possible 
to simplify the solution and still achieve adequate accuracy. 

9.14 Optiiuization procedures can be classified as either direct methods or 
indirect methods. Indirect methods are those in  which a miniin~im or a 
inaximum is sought by means of a necessary condition. For example, classical 
analytical approaches involving differen tiation and the behavior of derivatives 
are indirect approaches. In direct methods a niaxinxiln or a mininium is obtained 
by direct comparison of the values of the function at two or more points. Many 
sy s te ma tic n u  me ri cal procedures have be en de ve I o pe d for so Iving in axiin ii m- 
minimum problem by direct methods. Some of these will be considered here 
(59.33). However, optimization theory is a complicated discipline that is 
described in its literature’ and cannot be developed here. Only an orientation- 
level discussion of some me tho& that have found some application in  nuclear 
reactor design is therefore intended. 

INDIRECT METHODS 

IN TR ODUCTION 

9.15 The distinction between direct and indirect methods is useful for 
orientation but is not necessarily absolute, since there is sometimcs some 
overlap, particularly whcn approximate methods must be used in conjunction 
with analytical approaches. Classical methods involving the differential view- 
point are generally included in what is known as the Theory of Ordinary Maxima 
and Mimimas and are not considered part of modern optimization theory. Such 
methods depend on differentiation to  yield the characteristics of continuous 
functions about maxima and minima and are described i n  most calculus books. 

9.16 The possibility of local extrema, which satisfy the conditions but may 
not be the absolute maximum, can be of concern, however. Consider the 
geometric representation shown in Fig. 9.3, for example, where contour lines 
represent the value of a function z ,  depending on two independent variablesy 
and x. 

9.17 The maximum of the function is located at point M at the top of a 
“peak.” If this were a sharp ridge, the derivative of z with respect to x and y 
would be discontinuous. A second but lower maximum is located at point nz, 
which is “higher” than all points in its immediate vicinity. The highest of all the 
points in a suitably defined region is called an absolute, or global, maximum: and 
a point, such as m ,  that is higher than all the points in a suitably defined sinall 
neighborhood is called a local maximum. The derivative of z with respect to x 
and y at point m is equal to  zero. A point a t  which a function has all its partial 
dcrivatives with respect to  the independent variables equal to  zero is called a 
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Fig. 9.3 Geometi ic representation of local extrema. Contour lines represent 
the value of a fuiction z dependent on independent variables y and x. M, 
maximum of func ion. nz, second. lower maximiin;. S, saddle point. 

stationary point. A !.o-called saddle poitzzt could occur on a plateau such as a t  S ,  
which is also a statio iary point. 

9.18 If the sid:s of the figure are considered as the boundaries of the 
problem, the minirnurn of the function z does not occur in the interior of the 
region, but along tke boundary. In fact, depending on the contour structure, 
local minima (or maxima) could occur in some problems in several different 
places along different boundaries. The absolute minimum, or maximum, must 
then be found by coinparing such values. 

9.19 I t - is  therefore possible to  obtain stationary points that are other than 
optima by differen rial methods. Several methods are available, however, for 
distinguishing betwcen various kinds of stationary points. For example, one 
useful approach im.olves completing the square on second-order terms of a 
Taylor expansion.8 

9.20 Variables not independent but related to one another frequently 
complicate practica problems. In other words, the problem can be to  find an 
extremum off(xl , x2 )  subject to a subsidiary conditiong(xl ,x2) = 0 that has the 
effect of a constraint. Although in principle the subsidiary condition may be 
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used as part of a simultaneous equation, a solution of the subsidiary relation in 
terms of the variables may be difficult. Under such conditions Lagrange's 
Method of Undetermined Multipliers is useful. 

For an extremum problem with a subsidiary condition such as the 
preceding one, for example, the necessary condition for a stationary solution at  
a point is 

9.21 

which can be rewritten as 

(9.3) 

(9.4) 

where X is a constant called the Lagrange multiplier. Equation 9.4 may be 
expressed 

(9.5) 

These relations represent the necessary conditions for a stationary point of the 
function f + X g  without subsidiary conditions. Lagrange multipliers niay 
thercfore be used to  transform a constrained optimimtion problem into an 
equivalent unconstrained one. 

VARIATIONAL METHODS 

9.22 Some important practical optimization problems involving integrals 
rather than functions can be solved through the calculus of variations." First, the 
distinction between variational methods and ordinary maxima and iniiiiina 
should be clarified. As mentioned in 89.15, the problem in ordinary maxima or 
minima is to find the respective values of each of n-independent variables 
x I  , x2 ,..., x, for which a function of these variables has a so-called extremum. 
Now, consider a functional that depends on n-independent functions x1  (t), 
x,(t), ..., xn(t) .  In the calculus of variations, the problem is to  find an 
extremum of the functional.' 

9.23 A geometric interpretation is the determination of a curve, specified 
by the 11 parametric equations x l ( t )  = x , ,  x z ( t )  = x 2 ,  ..., x 1 2 ( f )  = x I , .  which 
niaximizes a functional of the n functionsx, (t), x2( t ) .  ..., x , , ( t ) .  This curve may 
be considered to lie either in the n-dimensional space composed of x ,  . x2. ._ . )  x,, 
or in the (n  + 1)-dirnensional space composed of t, x ,  , x 2 ,  _._, x I 1 .  Such a curve 
corresponds to the determination of  a point in ordinary maxima and inininia in  
an n-dimensional space which is composed of the n-independent variables 
x, , x 2 ,  ..., x,, and which maximizes a function of the n variables. 
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9.24 An example 3f a functional is the integral, 

I = 1'' F(t,x,dx/dt) d t  (9.6) 
t I  

T o  optimize the value of the integral, we need to determine the function x(t). 
An important simplification is a functional integral that contains no derivatives. 

1 = " F(x ,x2 ,..., x,, ,t) d t  (9.7) 
' 1  

In the variational approach a maximum or a iniiniinum must satisfy the Euler 
condition. This is anilogous to the requirement that the first derivative must 
vanish in ordinary maxima and minima theory. The Euler condition has the forin 

or in expanded form 

where notation F, indicates a partial derivative of F with respect to x, 

a2F 
F,  = - and Fxx'  =- ax axax' 

aF 

and 

9.25 In this case the Euler equations reduce to 

aF aF aF - = 0,  - = 0,  ...) - = 0 
ax 1 8x2 axt* 

(9.8) 

(9.9) 

(9.10) 

These equations rep resent the solutions of a succession of ordinary ininiinuin 
problem for every d u e  of t from t l  t o  t 2 .  The solutions define a series of 
functions x , ( t ) ,  x z ( f ) ,  ..., xt1(t) that represent the solution to the problem given 
in Eq. 9.7. 

9.26 The preceiing problem is a simplification o f  ;I more general problerii 
requiring the solution of IZ simultaneous ordinary differential equations that are 
usually nonlinear and highly resistant to analytic solution.9 However. :I? a 

INDIRECT METHODS 455 



general procedure, the Euler equations represent a good starting point. After 
expressing the functional i n  Euler equation form, we need a stationary 
expression that will lead to at least an approximate solution of the Euler 
equ’ d t ’  1011s. 

9.27 In addition to the Euler equations, sometimes called Euler-Lagrange 
equations, several other conditions are useful in determining an optimum by 
variational methods. Too lengthy for meaningful discussion here, these condi- 
tions are mentioned merely for identification. They carry such names as 
Weierstrass and Legendre-Clebsch and are helpful i n  distinguishing a relative 
niaximum from a relative miniinurn. Special techniques are also available for 
discontinuous solutions. 

9.28 Methods based on the calculus of variations have been applied to  
several types of aerospace optimization problems including the determination of 
optimum trajectories and the study of aerodynamic  shape^.^ Trajectory 
problems are consistent with the geometric interpretation of a curve mentioned 
in $9.23 and can be considered analogous to a nuclear reactor control problem 
that determines the “best” path from one reactor state to another. Applications 
of such approaches, however, have been rather l i i n i  ted in nuclear reactor 
technology. One application in thc optimization of the preshutdown power 
operating program was to  minimize the shutdown maneuvcring time while 
keeping the xenon concentration below a prescribed limit.’ 

LINEAR PROGRAMMING 

9.29 Mathematical prograinining is a vast subject with inany types of 
optimization problems and solution methods. Here, progranirning refers to 
scheduling or selecting variables leading to  the optimum. One very useful 
method for problems in management and economics is known as linear 
programming.’ I t  is a special case of a more general problem in which the 
inequality constraints are linear and the objective function is quadratic. In linear 
programming, the objective function is also linear. As an illustration of linear 
programming, consider a very simple two-variable problem that lends itself to 
graphical representation. Most practical problems have many variables but can be 
handled with digital-computer methods without difficulty. 

9.30 This problem concerns resource allocation in which it is desired to 
maximize an objective function such as 

where y is a profit and xI and x2 represent the units of manufactured products 
1 and 2. Here product 1 requires 2, 2,  and 4 units of stock items D, E, and F, 
and product 2 requires 4, 2, and 0 units of these items from an inventory of 20, 
12, and 16 of D, E,  and F, respectively. This picture can be expressed by the 
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inequality expression r:presenting the regional constraints, 
2xl +4x* G 2 0  
2xl +2x* < 12 

4x1 G I 6  
9.31 Each of the5e linear constraints can be represented by a straight line as 

shown in Fig. 9.4 with the region containing feasible solutions bounded by all 

XI 

Fig. 9.4 Linear-programming example. 

three lines as ii1dicatc.d. The two straight parallel dashed contour lines represent 
values of y ,  the proi’it. The optimuln point a t  y = 16 is the “corner” of the 
feasible region corresponding t o  a maximum value o f y .  

9.32 A more general form of solution for more complex linear problems 
uses an algorithmic or algebraic representation. A systematic process known as 
the simplex method has been developed to  test tentative solution points for 
location within the allowable region and for the presence of an optimum. Since 
many simultaneous equations can be considered in representing constraints, etc., 
matrix approaches ar? normally incorporated into the procedure. 

DIRECT METHODS 

INTRODUCTION 

9.33 Direct op imization methods must be used when an analytic expres- 
sion cannot be developed for the objective function or when such an expression 
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is too complex for indirect methods. Should this be the case, an approxinzation 
technique might be used. Here, the objective-function value is determined at 
many points, and curve-fitting techniques are used to develop a11 analytical 
expression that approximates the behavior of the objective function over the 
region of interest. Indirect methods can then be applied to  the analytical 
expression. However, such approximation approaches are not norinally considered 
direct methods. which require the direct use of‘ the performance measure to 
search for the optimum. Direct methods can be classified in  two types, e/iu?ii?atioii 
techniques and grudieiit or climbiiig procedures. 

9.34 Before discussing these various possibilities. we should riot overlook 
exhaustive search. or exhaustive enumeration. When only a finite number of 
possibilities need to be considered, it may be practical to evaluate the objective 
function for evel-y case and choose the optimum directly. The practicality 
depends on the computing expcnse involved and the possible difficulty of using 
more elegant metlmds. Such a theoretically simplc technique is often called the 
“brute force approach.” 

EL IMl NA TI0 N ME TH ODs 

9.35 Elimination methods are schemes that narrow down the region 
containing the optimum to a size wherein trial methods can be used to find a 
point. They are generally most useful when there is only one independent 
variable, the so-called one-dimensional case. In addition, the function is usually 
unimodal and defined in a closed interval. A unimodal function has only one 
local maximum within the interval although it need not be continuous. A trial 
evaluation of the objective function in an attempt to locate a maximum is called 
an experiment. Elimination methods therefore involve searching systematically 
for a maximum by using various schemes to limit the number of experiments 
required. The objective of such a search plan is to close in rapidly on the 
optirnuiii and thus obtain “good” values of  the criterion early in the search. 

9.36 An interesting class of  such search methods is based on Fiboizacci 
numbers.’ In a Fibonacci search scheme, each new experiment reduces the 
interval of uncertainty. The approach is analogous to  a population growth 
sequence, which was the basis of the original development. The series is formed 
by making each number the sum of the two preceding numbers, i t . ,  
0,1,1,2,3,5,8,13, ... . A selection of spatial intervals for the nieasureIneiits or 
experiments based on this number sequence results in an efficient search ~net l iod 
for the region containing the optimum value.’ * 

GRADIENT METHODS 

9.37 Another type of general search approach is known as gradietzt, 
climbing, or steepest ascent methods. The basis is to  determine the slope, or 
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gradient, at a selected point, then at  another point in the direction of the 
steepest slope, etc., so that the search progresses efficiently to  the maximum 
point, or optimum. A ,;eographical analogy is helpful in visualizing the picture. 
For example, the search for the “peak” should begin on some convenient 
location on the terrain, preferably as close t o  the top as might be guessed. The 
slope of the terrain at this point is determined by measuring the elevation at  
differential distances :‘ram the point. We then move in the direction of the 
steepest slope for a convenient distance and repeat the measurement at that 
point. This procedure is repeated until the gradient becomes zero, when the 
optimum point is pres.imably reached. Although such a point could occur on a 
“local” peak, saddle ?oint, or ridge, methods are available to test for such 
possibilities and then proceed to the true optimum. 

9.38 A geometric interpretation is useful again in the simplified case of two 
independent variables x 1  and x2 in the form of an objective function that 
determines the dependent variable y .  In a three-dimensional coordinate system, 
the various values of 3’ can be considered to lie on a response surface “floating” 
in space above the ba:,e plane described by the xi a n d x 2  coordinate systetn. A 
portion of this base p ane area including the x1  and x2 values of actual interest 
can be considered the “experimental region,” with values of y determined which 
define the y response surface above the base. The optimization task may then be 
to determine the pea< of the surface. For the slope determination previously 
described as part of the gradient technique in 59.37, the concept of a plane that 
is fangenf to the surface at the point of interest is helpful in developing a general 
picture. The equation of the plane can be developed by taking small deviations 
in the x I  and x2 ./slues of the point and determining the values of y .  
Analytically, this amounts  to  determining the grudierzf o f y ,  or 

9.39 The tangeni plane can be considered an approxiination of the response 
surface in the neighborhood of the point, an approach that may then be 
generalized to include inany independent variables in so-called N-dimensional 
hyperspace. Multidimensionality does introduce some complications, however. 
Simple methods effective with only one or two variables are just overwhelmed 
by the very vastness of multiditnensional space. In addition, measures of 
effectiveness to  liinil the region of uncertainty cannot be applied in multi- 
dimensional problem:. Special approaches are therefore required. 

9.40 A variety of gradient methods that vary in sophistication have been 
developed and can be applied according to the needs of the problem. Search 
plans, or strategies, generally combine the need to  improve the value of the 
objective in the moie to the “top” with the need to  “explore” so that the 
“jump” to  the nex.  point can be made wisely, with the expenditure of a 
minimum number 01’ steps along the path to  the optimum. Examples of such 
plans are found in standard works. t3’14 
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Constraints 

9.41 Since most practical problems involve both general and specific 
constraints tliat must be satisfied, to obtain useful results, some discussion of 
constraints and the techniques applicable to gradient methods is in order here. 
One approach, called the gradient projection method, serves as an example. It 
lends itself to  a digital-computer code formulation and has been used to solve 
various engineering and management problems, including those concerned with 
gaseous diffusion, desalination, and nuclear reactor operations.' 

9.42 The general approach in this method is merely to  move in a direction 
that decreases the objective function without iininediately striking a constraint 
rather than seeking a direction that will yield the greatest decrease in the 
objective function. A particular program given by Cross' uses a gradient search 
procedure, including refinements for recognizing patterns in the response 
surfaces and boundaries on the variables. The constraint technique, however, 
should be applicable to  most gradient search programs since they operate within 
the feasible solution space while searching for an optimum. The goal of the 
constraint technique is to  project the gradient so as to  obtain a feasible direction 
and to  adjust the points that fail to  satisfy the constraints. 

9.43 As mentioned earlier, the basic problem is to optimize (maximize or 
minimize) a function of n variables: 

which is subject to  nz constraints: 

where i = 1, 2 ,  3, ..., nz. Since most techniques for projecting onto constraints are 
designed for equality constraints, the problem of handling inequality constraints 
arises. Although slack variables, as found in linear programming, have been 
suggested, they provide no advantage here. 

9.44 Constraints may be handled with Lagrange multipliers to project a 
vector onto the constrained subspace of interest. In an unconstrained region, by 
definition n variables exist in an n-dimensional domain. However, when m 
equality constraints are applied, the dimension of the space is reduced by m. 
Lagrange multipliers are coefficients hi (i = 1, 2, ..., nz) applied to the partial 
derivatives of the equality constraints with respect t o  the n variables (59.21). 
This application results in a vector that adjusts the gradient to lie in an 
L-dimensional ( L  = IZ - m)  subspace. The L ,  or constrained subspace, is defined 
as the feasible area in which the m equality constraints are satisfied. 

9.45 For example, let P be the n-dimensional column vector representing 
the gradient: 

460 SOME OPTIMIZATION APPROACHES 



p =  Vf 

p . =  - af (i = 1 , 2 ,  ..., n )  
1 ax, 

Let G be the m by n matrix of partial derivatives of the constraints: 

(9.12) 

(9.13j 

The Lagrange multipliers are the elements hi of an m-dimensional column 
vector: 

h = (GGT) -1 (GP) (9.1 4) 

Using this vector, one can compute a new direction, PP, by adjusting P: 

PP = P - GT h (9.15) 

This new direction, PE’, will lie along the constraints themsleves if they are linear. 
However, with nonlinear constraints the new gradient will lie along the 
hyperplanes, tangent 1 0  the constraints a t  the point being considered. 

9.46 After a feasible direction is determined and steps that improve the 
objective function have been taken, further progress may violate an inequality 
constraint. When a specified upper or lower linear bound on a variable is 
violated, the most diiect procedure is to  reduce the step size. The length of the 
step is adjusted by a ratio: the distance between the last point and the bound, 
divided by the distance the variable actually moved. Should more than one 
variable violate a boundary, the step is scaled small enough to  avoid the most 
imminent and therefcre all violations. 

9.47 For non1inc:ar constraints a somewhat different procedure can be used. 
It depends on a matrix that approximates the partial derivatives of the 
constraints with respect t o  the variables. This is only one approach, however. 
Remember that many different techniques have bcen developed to handle the 
different kinds of constraints in gradient problems. The literature should 
therefore be consulted as needed.’ 

Elimination Methods 

9.48 Elimination methods ($9.35)  are helpful in reducing the number of 
necessary trials. I n  g-neral, some type of acceleratio/i of the search is desirable. 
One type concerns finding and following a “ridge” that reduces the effective 
dimensionality of the problem. I n  addition, coinbinations of tactics are 
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sometimes effective. Foi- example, a n  acceleration procedure can help achieve 
the region of  the stationary point quickly. Another method, which may consider 
effects of secondary importance in the search for the region, IS  then used to 
explore the region to determine the actual opt i lnum.  I t  is therefore important 
for the designer to consult the literature to determine proniising “climbing” 
methods for his probleni. 

DYNAMIC PROGRAMMING 

IN TR ODUCTI ON 

9.49 I n  the  optimization mctliods previously described, multidimen- 
sionality, as required by many practical problems, introduces mathematical and 
coinputational difficulties. It is possible, however, to  optimize inany large 
systems so that a portion of the probleiii can be handled at a time. This partial 
opt i mi za t ion pi- oce du re, kn own as dyiiarnic programiziiig, c on side r s a multistage 
process, in which one or more decisions must be made at  each stage. I n  this way 
many N-dimensional optimization problem can be reduced to N one- 
diiiiensional problem or at least to a series of problcnis of reduced dimen- 
sionality. The problcm inust thei-efore be plaiiiicd so that i t s  coiiiponents can be 
arranged i n  series. 

9.50 A basis for this approach is the “principle of optimality” as  stated by 
Bellman, “An optimal policy has the property that wliatevcr the initial state and 
initial decision are, the remaining decisions must constitute an optimal policy 
with regard to the state resulting from the first decision.” The principle tends to 
be intuitively obvious since, if the remaining decisions were not optimal, the 
whole policy could not be optimal. 

TERMINOLOGY 

9.5 1 Discussions of dynamic prograniming include some special terms, 
several of which have been mentioned earlier but are used in a slightly different 
sense here. For example, in stage-wise problems, a stare variable transmits 
inforination between stages and acts as input to  one component of the problem 
and output from another. Decision variables can be manipulated directly at each 
stage. For example, in a multistage process involving the flow of material, the 
state of the niaterial can be characterized by a set of parameters. For nuclear 
fuel, for example, the state can be specified by a parameter such as burnup, and 
a decision variable might be the core location chosen for the fuel on reloading. 
Decision making is really the essential characteristic of the optimization. The 
designer, therefore, has several solutions available, but he needs t o  select the best 
one. 

462 SOME OPTIMIZATION APPROACHES 



9.52 Analytically, the system may be conceived as a state vector comprising 
as many components as necessary to describe the properties of the system. I n  a 
general sense the state may therefore be described by an m-component vector. I n  
a iiiultistage process we can consider N stages. each described by an 
tn-compoiient vector A relation that expresses each component of the stage 
output state as a function of tlie input stage and the decisions is called a stage 
truizsfbrtmztioii. ’ 

9.53 A classical illustratioii of stage-wise decision characteristic of dynamic 
prograniiiiing is the transportation network shown in Fig. 9.5. In this simple 

I 

STAGE 1 :;TAGE 2 STAGE 3 STAGE 4 

INFORMATION FLOW - 
CALCULATIONAL FLOW 

Fig. 9.5 Dynamic-programming problem. 

example circles repi.esent locations of cities, and the problem is to travel froin 
one city on the left of the figure to  any one of three cities on the right for tlie 
least amount of money. Costs between cities are given above the connecting 
intercity lines. The zity locations are the state variables of the system, the state 
controls or decisior variables are the choices of paths to  follow, and the four 
stages are defined by the longitudinal positions of the cities. The information 
flow is the directioii of travel (left to  right) in this problem. The decision search 
begins a t  stage 4, lipperillost city, where the question is asked, “What is the 
cheapest route f ror i  this city to  the end of the journey (city A or B)?” The 
obvious choice is city B, and an arrow and the cost, “3,” are stored for later use. 
The same question is asked at  the other two cities a t  stage 4, and the optiinal 
partial costs and decisions are stored also. The search then proceeds backwards 
t o  stage 3, where tlie same question is asked at each city, and the cost is the s u m  
of the intercity path and the circled cost at stage 4. This process continues until 
the starting city at stage 1 is reached. The ininiinum cost of the trip is known 
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immediately then (“21 ”), and there only remains the retracing of the arrows to 
find the optimum path (heavy black line). 

the roles of the input and output 
states can be interchanged, and the problem can be transformed to that of 
traveling from any of three cities on the east coast to one city on the west coast 
for ~niniinuni cost. The only assumption necessary is that the intercity path cost 
for traveling from right to left is the saine as that for traveling from left to right. 
The search then starts at the end of stage 1 and proceeds eastward to  the end of 
stage 4. A general algorithm for dynamic-programming problems can be derived 
from the stage-wise process shown in  Fig. 9.6. 

9.54 By the process of state inversion,’ 

Let 

c(M,, ,k,,) = cost of  stage IZ of an iV-stage process 

whereM,l = the stage variable a t  the beginning of stage I Z  and may be 311 

m-component vector 
k ,  = the decision variable at stage ti and may be aj-component vector 

M ,  ~ I = T(M,, the transformation function 

The problem is to minimize the following sum by choosing appropriate values of 
ki: 

N 

i =  1 
c = c c ,  
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STAGE 2 STAGE 1 STAG E N- 1 STAGE N 

INFORMATION FLOW - 
CALCULATIONAL FLOW - 

Fig. 9.6 The N-stage process for dynamic programming. 
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9.55 At stage 1 t i e  search process starts and proceeds opposite to  the 
information flow (e.g., time). The total cost, C,, of the process is a function of 
the state variable input to the final search transformation, M N -  = T(M,&,), 
since only when MN is known can the optimum policy K(k,,k,- 1, ..., k , )  and 
the total cost C, be known for the N-stage process (by Eq. 9.1 6). The minimum 
total cost is found by 5earching for those values of ki which make the total cost 
a minimum. 

9.56 The standard dynamic-programming algorithm has two important 
disadvantages, howeve ., for nuclear core-management optimization. For a 
scatter-loaded core with several zones, the state variable vector may have 20 or 
30 components. Then :he description of the lifetime change in the fuel during a 
“stage” requires the storing and searching for inany values with corresponding 
high computational co::ts. Also, since the beginning-of-life state of the reactor is 
known, it would be desirable to use stage inversion. This process would require, 
however, the inversion with time of the neutron-diffusion and depletion 
equations, an operatior that has not been developed and may not be possible. 

9.57 Both of thcse drawbacks can be overcome by a modification of 
dynamic programininl,, which can be called “Elimination of Siinilar End 
States.”’ * Figure 9.7 :;bows the same optimization problem as the one shown in 
Fig. 9.5, except that t le direction of travel and direction of the search are the 
same. Starting at  stage 1 ,  one could explore all possible paths (exhaustive search) 
and arrive at the optinial path shown by the heavy black line. Or, having found 
the optimal values for the three cities a t  stage 2 (the only three possible), one 
could go to  stage 3 ,  uppermost city, and ask the question, “Now that I am here, 
what city at stage 2 should I have come from so that the total cost to  where I am 
now is a minimum‘?” ‘The obvious answer is the uppermost city at stage 2, and 

STAGE 1 STF.GE 2 STAGE 3 STAGE 4 

INFORMATION FLOW - 
CALCULATIONAL F L O W  

Fig. 9.7 Elimination of similar end states problem. 
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tlie total cost is therefore 6 + 5 = 1 1. The same logic is used for all cities and all 
stages, and the same optiinal cost and path are found as in dynamic 
programming. 

9.58 No comparison of computational efficiency is made for the three 
methods since, for this example, the number of calculations is approximately the 
same. For nuclear core management the elimination of similar end states reduces 
the number of computations enough to make optimization of scatter loading 
possible, whereas the same problem cannot be solved by dynamic prograin- 
ming.* Information is lost, however, when the exhaustive search and elimination 
of similar end states are used. Upon considering Fig. 9.5 for dynamic 
programming, one sees that after the optimization is completed he has the 
information to start at any city in the network and proceed in an optiinal 
manner tu  city A, B, or C. The inforination in  Fig. 9.7, however, only relates the 
optimum path from a city on tlie path. If one strays from the path, he has to 
work the problem again from the new starting city. 

OTHER APPROACHES 

POL ICY IMPRO VEMEN T 

9.59 For several state variables per stage, formal dynamic-programming 
procedures become too complex to be practical. Trial decisions followed by 
adjustments that improve the objective function require less computation. In 
other words, the entire policy is improved in a systematic way. 

9.60 The effect of a change in decision value on tlie state of the stage can 
be found by a method known as cwsrraitzed derivatives. If the decision variables 
are systematically perturbed and the resulting rate of change of the objective 
function is used, the policy improvement and optimiLatioii can be accomplished 
in a stepwise inanner. Tlie stage-wise procedure, which involves difference 
equations, approaches in tlie limit the differential-step continuous-transition 
case. The continuous case is useful in automatic-control applications where 
ininimum time or-minimum control effort is the objective. An optimization of 
this general type, using constrained derivatives, possibly is based on the 
nxzximunz principle of the Russian niatheniatician Pontryagin. 

HEURISTIC PROGRAMMING 

9.61 Heuristic methods or heuristic progrurntniizg refers to approaches 
seeking a “good” solution rather than an optiiiial one. A good solution merely 
defines the regions of tlie optimum and niay be adequate for many practical 

*The term “dynamic proyraniniing” is sometimes also applied to modified methods,  
such as the elimination of similar end stiites. in which the direction of travel and search are 
the same. 
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probiems wherein the designer can then exercise judgment in selecting a final 
solution within the region by considering the effect of parameters or  constraints 
that cannot be represented analytically. 

9.62 Heuristic methods may also include any optimization approach, 
normally using a coniputer algorithm, which is primarily empirical in nature, 
often with intuition IS one of the inputs. With these methods the experienced 
designer can cut corr ers for many industrially important problems that would 
involve prohibitive ccimputation effort if a complete mathematical model were 
attempted. 

9.63 Many problems of this type concern allocation. A classical example' 
is to determine a mi iiinum distance for a round trip that includes each of N 
cities. Dynanuc programming may be used for up to about a 13-city problem of 
this type. A heuristic approach starts with a random choice of three cities, 
followed by the selection of a single city from the remaining list. This city is 
inserted, in turn, between each of the two pairs, and a minimum-length four-city 
tour is selected. One city from the remaining list is inserted, in turn, between 
each pair of cities of the previously selected four-city tour, and a five-city tour 
of minimum length I S  selected. The procedure is continued until a tour of the 
desired city length is obtained and is then repeated for a different order of 
selection. A separate tour therefore results for each set of trials. The desired 
minimum tour is tiieii selected from the collection accumulated after an 
arbitrary number of trials, say 100. In many problems of this type, some 
simplifications can bc made as patterns evolve after some trials or may even be 
obvious when the prcblem is stated. 

APPLICATIONS 

INTRODUCTION 

9.64 Although some of the methods described have been applied to  nuclear 
engineering problems, commercial usage has been very limited. One reason is 
that for most appli,;ations uncertainties in input data are so large that only 
simple optimization methods are justified. However, potential use is high as the 
industry matures, th? accuracy of design calculations is improved by experience, 
and design improve.nent becomes a major objective. As an indication of the 
possibilities, some application examples described in the literature are discussed 
in this section. 

9.65 The approiches used can be classified into two areas. One is concerned 
with the design 01. systems that d o  not lend themselves t o  a stage-wise 
description. Generally, gradient methods have been used here. Stage-wise 
problems, particularly those concerned with core fuel management or control lie 
within the other aiea and generally use dynamic programming or a related 
method. 
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N ON -S TA G E- WISE S YS TEM D ESlG N ME THODS 

9.66 Optiinimtion iiiethods have been applied to the design of reactor 
shields of various types, particularly wl!en miniinum weight is desired. 
Variational methods have been used in attempts to synthesize minimum-weight 
proton and reactor shields.’ Generally, a procedure was determined for 
simplified models for the proper ordering of materials in a single laminated 
shield. This procedure depends on the various attenuation properties and 
densities of the materials. However, no simple way was developed for 
determining the optiinal thicknesses of these materials in practice. 

9.67 Simplified gradient methods’ have ininiinizcd shield weights. How- 
ever, only a single source and dose point was considered, and tlie methods for 
measuring effectiveness were relatively crude. Terney” used the optimum 
gradient technique to determine the optimum dimensions of a shipboard-reactor 
shield system. He considcred both shield weight and cost. 

9.68 As a reference Terney used an analytical model that included a 
symmetrical cylindrical system consisting of a primary shield of water and lead 
and a secondary shield of heavy concrete, lead, and polyethylene. Design 
variables include the radiuses and height of the shield sections as well as the 
thicknesses of the various materials. Radiation dose levels at five specified points 
constrain the system. An optimal design is achieved when the cost of shield 
weight change is equal to the worth of the corresponding weight change froin 
the viewpoint of the economics of the ship. The condition for optimality is 
therefore 

dC 
dW 
-= -K (9.17) 

where C and W are the shield cost and weight in dollars and tons, respectively, 
and K ,  in dollars per ton, is tlie worth of a I-ton reduction in shield weight to 
the ship, a value that depends on the type of vessel. The optimization criterion is 
therefore to minimize G in the relation 

G - C + K W  (9.18) 

9.69 The model, which includes five dependent and three independent 
variables, is considered a constrained-parame ter-minimization problem that was 
afterwards analyzed by the so-called iterative optimum gradient method. In this 
method, a variation of the one discussed in 59.41, the independent variables are 
changed at  each step in the direction of the gradient and for an amount that 
gives the inaxiinuin change in the objective function. A similar technique has 
also been used by Ne1 and Fenech’ for a gas-cooled reactor-system model that 
included 15 independent and 48 dependent variables. In each case Ne1 and 
Fenech used digital computers to  carry out the actual solution; they started with 
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initial estimates of the variables and proceeded until successive iterations yielded 
an acceptable decreas: in the objective function, normally less than 0.0 1%. 

9.70 Another interesting optimization concerned the EURATOM ORGEL 
Progra~n. ’~  A computer code based on quudrutic progrunznzi~zg was used to 
optimize a nuclear-power-plant design with respect to eight independent 
variables. In quadratic programming thc objective function is of second degree, 
and the constraints ire linear. For this application the cost of electricity was 
approximated by a function of such variables as core height. lattice, pitch, 
reflector thickness, coolant velocity, flux ratio, cladding temperature, and 
coolant outlet tempc,rature. The least-squares method was used to generate the 
coefficients of the SE cond-degree function from many combinations of numcri- 
cal values taken sysl cmatically in the feasible design reglon. Optimization was 
then carried out by m t i a l  differentiation of the objective function with respect 
to  each decision vari;ible in turn. In this application the optimized design gave an 
energy-cost advantag: of 0.5 mill/kw-hr over a prior nonoptirnized design. 

9.71 Lewins2 used inhomogeneous perturbation theory to  derive an 
optimum distributioii of materials in a system such as a rcactor lattice design. As 
mentioned earlier ({i 9.60), this approach is related to Pontryagin’s ~naxiinum- 
principle optimization methods applicable to control problems. As a simple 
illustration Lewins uses the method to  maximize the thermal utilization of a 
lattice cell in whicli the relative location of the fissile material and coolant 
channels may be varied. The process appears to  lend itself to automation 
through the preparation of computer codes for given types of problems. 

MU L ‘‘ISTA G E -DECISION-PROCESS EXAMPLES 

Introduction 

9.72 optimization problems that can be formulated as inultidecision 
processes can be treated by dynamic programming, as discussed in $9.49. In 
1960 KallayZ6 showed how both component-design and system-design problems 
could be approached in a stepwise decision manner so that dynamic program- 
ming would be applicable. In considering spatial distribution of core materials to  
maximize power density, he  divided the core into a number of concentric rings. 
Then, starting with the outside ring, he was able to  consider a poison-allocation 
problem in a stepwise fashion. Using a recursive stepwise calculation again in 
another example, he suggested a calculational procedure for selecting a 
maximum-system-efficiency combination of plant components arranged in series 
(core, heat exchangr ,  pumps, etc.). Although Kallay described the structure of 
the relations and the general approach t o  be followed, he did not develop actual 
examples or show results. 

9.73 The area:: of fuel-management and control-rod programming, which 
involve operations iiherently discontinuous with time, are natural candidates for 
optimization processes of a multistage-decision-process nature. In core fuel 
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management ( 5  7 .62) ,  fuel assemblies are replaced and sometimes rearranged in 
the core at  the end of each depletion period. Since a fuel change normally causes 
a shift in reactivity, the control-poison pattern also requires a change. As a 
result, core fuel management and, to a lesser extent, control programniing are 
fertile areas for optimization development. A discussion of several examples 
therefore provides a picture of the potential of  optimization methods of this 
type. 

In-Core Fuel Management 

9.74 A review of applicable background for in-core fuel nianagement will 
be helpful here. From the optimization vicwpoint there are a number of possible 
decisions and constraints. For example, at the point of refueling in a nuclear 
plant, the designer may be faced with five basic decisions: 

1 .  Fraction of the core to be replaced. 
2. Fuel design (H/U ratio, rod pitch, cladding thickness, etc.). 
3. Feed enrichment. 
4. Physical relocation of all assemblies. 
5 .  Desired length of subsequent operating cycle. 

These decisions affect the basic fuel-performance variables of power level and 
burnup a s  well as to what degree the fuel is used within the core, subject to the 
constraints of material and operating limitations plus performance safety. This 
relation is summarized in Fig. 9.8. 

9.75 In general, the power level represents the rate a t  which energy is 
extracted from a given fuel investment, and the burnup represents the total 
energy extracted, regardless of the time involved. The relation between design 
decisions and these two parameters follows. 

9.76 The power level influences the time-value economic coinponents of 
the fuel cost, such as fissile-atom inventory and working-capital charges. Since 
plant designs allow for at least a 5 to 10% increase in power level over the 
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Fig. 9.8 Effect o f  fuel utilization on fuel-cycle cost. 
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nominal rating,* ’ it is reasonable to  seek a higher power level through improved 
fuel management. If the power level is increased at fixed plant factor, the 
fixed-cost charges, whim expressed on a unit-energy basis, will be reduced. The 
total charge for a given energy output is likely to  be also lowered but depends on 
decision 5. The nonfLel reactor plant capital charges per unit of energy vary 
inversely with the avtrage power level. An increase in the average power level 
could therefore permit a significant saving in capital charges. 

9.77 111 water-cc801ed reactors, however, the power level that can be 
tolerated at any location in the core is limited by thermal-hydraulic parameters, 
such as fuel-pin centr 11 temperature, cladding temperatures, and the possibility 
of niicleate boiling. These limitations must be considered if the average power 
level is t o  be increa:;ed by increasing the peak power in the core. A more 
satisfactory way of rzising the average power level, therefore, is by reducing the 
peak-to-average powe . density throughout the core by a judicious rearrangement 
of assemblies to  acmnplish what is comtnonly termed “power flattening” 
(decision 4). 

9.78 The fuel kurnup influences such significant fuel-cycle costs as the 
charges expressed i;i mills per kilowatt-hour for enrichment, fabrication, 
reprocessing, and uranium and plutonium credits. An increase in the fuel burnup 
will reduce charges applicable to  a fuel batch, such as fabrication and 
reprocessing, but will increase somewhat the charges for enrichment. These 
opposing trends the -efore create a minimum cost a t  a specified burnup that 
teiids to be shallow, however, for light-water reactors with an effective range of 
several thousand megawatt-days per tonne of uranium (Fig. 9.1). This effective 
minimum range is determined primarily by the unit costs of the fuel-cycle 
components (enrichment, fabrication, reprocessing, etc.). Although design 
decisions 1 through 5 have a secondary effect in determining this range, their 
primary effect is to  specify the cycle burnup for all fuel loadings in the core. 

Dynamic-Programmi ng Applications 

9.79 Dynamic xogramming is well suited t o  the discontinuous, stage-wise 
nature of fuel manal;ement. The fuel-depletion equations and decision functions, 
both of which are discontinuous at the loading points, can be adapted readily to 
the transformation of the state variables from stage to stage by the search 
technique in dynanuc programming. The optimal policy obtained by dynamic 
programming is also the global optimum, and constraints are easily handled since 
the optimum policy obtained automatically satisfies the constraints on the state 
variable. Computer storage, however, is the most serious difficulty with dynamic 
programming since storage requirements increase exponentially with the 
dimension of the state variable. If 10 values, a very modest number, are stored 
for each componer-t of an n-component state vector, IOn storage locations are 
needed. Storage requirements alone in a 32,000-word computer therefore limit 
the components tre-ited to four. 
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9.80 In a pioneer effort Wall and Fenech2' considered the refueling 
policies for a single-enrichment three-zone 1 OOO-Mw(e) pressurized-water core 
that would yield a minimuin power cost based on fuel burup as the sole criterion 
with power peaking as the constraint. The model, based on partial-batch 
refueling, permitted a wide variety of zonal loading strategies to be considered. 

9.81 The reactor was described by a three-dimensional state variable that 
was the specific energy (megawatt-days per tonne of uranium) produced in each of 
three reactor zones. If 10 values of specific energy or burnup are considered for 
each o t  three zones, there would be I O 3  values of the state variable. If 28 
decision searches per state variable are assumed, 28,000 calculations would 
therefore be required for each reloading stage in conventional dynamic 
programming. Since an average calculation takes approximately 0.01 sec and a 
typical optimization will have 20 stages, the total computer time would be 
approximately 93 i n i n  per problem. The solution to this problem therefore 
becomes impractical for n greater than 3. 

9.82 Wall and Fenech, therefore, had to use an alternative to  dynamic 
programming and, in general, to limit the values of the state variable to  less than 
200 per stage. This alternative to dynamic programming is a computational 
acceleration method of exhaustive search, similar to elimination of similar end 
states ( 3  9.57). 

9.83 The merits of many possible operating decisions and the effects on 
power costs of changing the constraints were examined in the work. It was 
recognized, however, that the zonal approach could cause poor power 
distribution in practical cores of large size. Stover' 8 , 2 9  therefore extended this 
approach to scatter-loaded systems. 

9.84 In scatter loading, fresher fuel elements are placed next to irradiated 
elements. Close neutron coupling between newer and older fuel results, and the 
local reactivity effect of each fuel tends to be balanced. Uniform mixing of 
fresher and older fuel throughout the whole core therefore produces a iiiore even 
power distribution than is possible with out-in schemes. Close neutron coupling 
between fresher and older fuel also increases the average discharge burnup of the 
fuel over the attainable in out-in schemes in large cores. Furthermore, since the 
local reactivity of a scatter-loaded zone is less than that of a fresh, batch-loaded 
zone, the inaxitnuin reactivity to be controlled is less than that in most 
batch-load schemes. These advantages apply, however, only after an equilibrium 
core condition has been established. Also, local power peaking from hetero- 
geneity of the core could occur when a less depleted fuel element is placed next 
to a more depleted element. This may present a greater design challenge in a 
pressurized-water reactor (PWR), which has larger fuel elements and no coolant 
feedback mechanism for suppressing local power peaking, than in a boiling-water 
reactor (BWR), where feedback is provided through the formation of voids. 

9.85 Stover used scatter loading of a three-zone boiling-water reactor as the 
reference fuel-loading scheme for his optimization study to maximize discharge 
burnups. This model was considered sufficiently represcntative of industrial 
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practice t o  provide ;in evaluation of the optimization technique. The optimum 
decisions to  be determined in scatter loading are the volume fractions of each 
core zone t o  be replaced by fresh fuel a t  each reload point in the life of the 
reactor. A minimum fuel-cycle cost over the life of the reactor was used as the 
criterion. Once calculated, t h s  series of decisions formed the optimum operating 
strategy. 

9.86 In three-zone scatter loading, however, the dimensionality of the state 
variable was found to be much greater than that for a three-zone partial-batch 
scheme. With the as:;umption that the reactor's performance is well described by 
the 2 3 5 U  mass at  any time in each group of fuel with different irradiation 
histories, it was ne,:essary to know the zonal 2 3 5 U  mass and corresponding 
volume fraction for each of these groups. If the minimum fresh-fuel-loading 
fraction considered uas there were five fuel groups in each of three reactor 
zones for which 2 3 ' U  mass and volume fraction had to  be known. The result 
was a 30-dimensioii state vector. Such a problem, unsolvable by dynamic 
programming, was optimized by using elimination of similar end states (ESES). 

9.87 By applyiig the recursion relations of ESES to the optimization of a 
scatter-loaded reactor, Stover found the state variables a t  each succeeding stage 
from the transformz.tion M,, = T(M,, - ,k,,) ( 5  9.54), where all combinations of 
M,,- and k,, are c l ~ ~ s i d e r e d .  In this manner the number of state variables and 
thus the number c'f calculations increased exponentially at each stage. The 
algorithm therefore rapidly digresses into an exhaustive search which involves all 
combinations of the state variable and decision variable arid which requires 
excessive computer time and memory. However. the exponential growth can be 
moderated by eliminating similar end-of-life state variables when they occur. If 
state variables differ by less than a sinall number, E, for example, the decision 
policy that leads lo the smallest value of C(M,)/E(M,,) is chosen, and the 
corresponding state and decision variables are stored. The state variable resulting 
from the nonoptiniiim policy is then discarded. 

9.88 The algorithm used by Stover in the computer code MINFUL to 
optimize scatter loading by ESES was: 

1. At each st:!ge consider all possible combinations (policies) of state 
variable values and decision variable values. 

2. Calculate be ginning-of-life and end-of-life fuel masses for each policy 
from previously determined burnup polynomials. 

3 .  Apply constraints and calculate fuel cost and energy production for each 
policy. 

4. Eliminate similar nonoptimuin end states whenever possible. 
5. Repeat step!, 1 to 4 for all state variables a t  all stages. 
6. After the k s t  stage find the minimum fuel-cycle cost and retrieve the 

corresponding opt:mum-loading fractions at  each stage from the computer 
memorv. 

9.89 Stover &as able to  show that the reduction in dimensionality achieved 
by the acceleration had little effect on the optimum policy when compared with 
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a standard result obtained by exhaustive search. A nonuniform scatter-loading 
policy, obtained by allowing the decision values to be different in each zone, was 
found to be preferable to  a uniform scatter-loading scheme. 

Control-Rod Programming 

9.90 The strategy for planning control poison from one fuel-depletion 
period to another is another type of design challenge. Terney and Fenech3’ 
adapted the same general approach used by both Wall and Stover to  this 
problem. 111 this case power peaking serves as the criterion, and constraints on 
the rod program include the criticality requirement, allowable rod-motion 
patterns, and restrictions on the power peaking and burnups. A representative 
first-generation pressurized-water reactor comparable to Yankee-Rowe” was the 
basis of the analytical model in the study. 

9.91 The approach was used successfully to  obtair, an optimal control-rod 
program for minimizing the power peaking, which was a marked improvement 
over normal operating practices, such as straight-bank or radial-zone with- 
drawals. 

Other Fuel-Management Optimization Approaches 

9.92 The development of systematic or “automated” fuel-loading schemes 
has by’ no means been limited to  those based on dynamic programming, 
previously described. Several examples of  other approaches are mentioned here 
as possibilities. 

9.93 Fagan3 , 3 2  considered fuel-replacement policy options in which the 
identity of each fuel subassembly is maintained so that shuffling patterns as well 
as scatter loading could be handled. The methods previously described consider 
only unit replacement of geonie trically defined zones of the core, using average 
characteristics of the contained fuel assemblies. An important feature of the 
approach was the representation of all time-dependent effects, such as 
heat-generation rate, fuel burnup, system reactivity contribution, and fuel 
composition, by a single empirical time-dependent parsmeter. This proved to be 
a reasonable assumption as long as the gross neutron distribution did not change 
radically with time. The empirical representation of  the operating state involving 
only the fuel location and the time-dependent burnup factor is valid, however, 
only if fuel assemblies of an existing design are replaced in an established core 
configuration. 

9.94 Nearly identical equilibrium cycles were assumed to  occur throughout 
most of the plant lifetime. Further assumptions were that a single-fuel feed 
enrichment is used and that the same number of fuel elements are replaced for 

*Yankee Atomic Electric Co. plant at Rowe, Mass. 
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each cycle. Under the ;e conditions sequences of equilibriu~n cycles differing in 
length by at most 5% lvere calculated. 

9.95 Direct fuel r-placement and replacement with shuffling were evaluated 
by comparing them with this operating-state model. I n  both cases the refueling 
scheme was defined ,y optiinizing the operating time for the cycle. For the 
conditions assumed tliis proved to be a good approximation of the economic 
optimization. A1thou:;h the direct refueling scheme did not give meaningful 
results, shuffle refuel ng did show fuel-cycle-cost advantages of approximately 
0.05 mills/kw-hr, which amounts to over 5300,000 per year for a 1000-Mw(e) 
plant, corresponding to an increase in operating time for the  same amount o f  
new fuel. 111 this scheme the new fuel always replaced the most highly irradiated 
elements in the reacfor. After the new elements were added to the core, the  
elements were shuf led until they yielded the maximum operating time 
consistent with the c.)nstraints 011 power distribution. Since the operating-cycle 
times for shuffle refueling varied by less than 1.2%. the accuracy of the 
equilibriumcycle aswimption was ensured. 

9.96 All the cor(:-management optimization approaches described here used 
fuel burnup or the equivalent as the criterion, a parameter which, compared with 
power peaking, only weakly affects energy costs in commercial light-water 
reactors once a thre::hold burnup is achieved. This effect, shown in Fig. 9.1, is 
due primarily to  the xesent-day values of the compensating contributions to  the 
fuel-cycle cost and is  not of a fundamental nature. There is a greater potential 
for cost savings for commercial reactors if the optimization could be based on 
the power peaking and burnup used as a constraint rather than the opposite. 
Once the most f a i ~ r a b l e  power-peaking picture is obtained through fuel 
management, contrcd-rod management should be included in the analysis t o  
obtain a more incliisive power-peaking optimization, i f  possible on a three- 
dimensional basis. 

9.97 Considerir g only the two-dimensional in-core fuel-management prob- 
lem, the developm:nt of a generalized approach' to fuel replacement and 
shuffling based on an accurate representation of the nuclear contributions to the 
power profile is ind(:ed a formidable'task, particularly if the computing effort is 
t o  be kept withiii reasonable bounds. Both spatial and time-dependent 
parameters are relevant on a noncontinuous basis. Therefore present design 
techniques rely h e a d y  on engineering judgment. A loading pattern is estimated, 
and a core nuclear design is calculated by using two-dimensional diffusion codes 
such as PDQ (55.73) or equivalent methods. Design goals for power peaking and 
region-averaged buraup are set 011 the basis of past experience. If the.calculated 
results do not meet these goals, a new loading pattern is chosen t o  shift the 
power profile, and a new nuclear calculation is carried out. Additional pattern 
selection and calculation cycles are needed as fuel-depletion and -replacement 
possibilities are con3idered. 

9.98 Fuel rey~lacement introduces shuffling as an important decision 
option. The objective in shuffling is t o  remove power peaks and t o  fill in valleys 
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or t o  shift the power profile to  achieve a more desirable burnup. Shuffling can 
be planned by using graphical representation with movable indicators for 
assemblies and searching by hand for a desired pattern, a rather unsophisticated 
technique, particularly since a favorable pattern must be checked by calcula- 
tions, 

9.99 The assemblies are usually in a very delicate reactivity balance, and 
this complicates the shuffling. Slight changes in position can cause considerable 
variations in the power profile. Using past experience, a designer can bring a 
tightly coupled core, such as San Onofre (initial core design), to  within design 
goals in about ten iterations since all patterns are highly symmetric and the 
number of patterns satisfying these symmetry constraints are limited. For larger, 
more loosely coupled cores, the number of choices is likely t o  be much higher. I f  
burnable poisons, variable assembly enrichments, or PuOa is added, the number 
will probably by even greater. This design process represents an appreciable 
investment of both man-hours and computer time.33 In addition, its flexibility 
is greatly reduced owing t o  the long lead time required for the design of 
replacement cores. 

9.100 Some “semiautomated” techniques involve a combination of graph- 
ical and analytical approaches. A method developed by M C l i ~ e ~ ~  for pressurized- 
water-reactor cores, for example, evolved from an empirical graphical approach 
based on the power profile. The power profile depends on a reactivity plot 
characteristic for an optimal design. The so-called “k-profile” of infinite- 
multiplication-factor distribution was shown to be the basis of several different 
fuel-reloading optimization options. 

9.101 Naft27,3s developed a direct-search scheme t o  optimize the fuel- 
loading pattern of pressurized-water reactors from the initial loading through 
several reloading cycles that included shuffling. The search, however, does 
depend on an “initial guess” in the neighborhood of the optimal pattern as input. 
Such an estimate can normally be made without difficulty by an experienced 
designer. An optimal pattern is acheved when the peak-to-average radial power 
is at a minimum and all constraints on assembly and region-average burnups are 
met. 

9.102 The optimization scheme uses a simplified function to  represent the 
two-dimensional power profile. This function is the product of a slowly varying 
component, which is a one-dimensional analytic solution to the diffusion 
equation, and a rapidly varying component, which uses the material buckling as 
a parameter to  represent the material properties of the nearest neighbors of an 
assembly. Through a variational approach several undetermined coefficients were 
established for each specific case. 

9.103 A discrete direct-optimization scheme that treats discrete nonlinear 
variables through a univariate search operates on the simplified function. 
Through this search a graded table of  possible moves that specifies a direction or 
pattern for the Optimization is created. 
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9.104 In a test of the optimization procedure using the San Onofre reactor 
as a model, the initizl core power was described by the simplified power 
function to  within abcut 1%. In addition, the opt imiat ion scheme duplicated 
the initial core-loading pattern as well as a replacement core-loading pattern. 

CONCLUSIONS 

9.105 Though yet t o  be widely used in nuclear reactor design, formal 
optimization procedurs  appear t o  have considerable potential, particularly as 
computer capability irilproves with time and reactor engineering experience is 
accumulated. The acc.irate representation of economic parameters as may be 
necessary for many applications could be difficult. however. Inflationary trends 
associated with long 1-ad times needed for design and construction introduce 
inherent uncertainties. 

9.106 Despite prisent limitations optimization is one of the vital steps in 
the engineering design process needed t o  bring concepts t o  realization. A 
knowledge of the available procedures is therefore a valuable addition to  the 
professional knowled:e of the design engineer. I n  addition, the needs of 
optimization theory fix an accurate description of the system and the definition 
of measures of effectiveness encourage rigor and a high level of insight by the 
designer. 
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Carbide fuels, 7.160 
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Computer codes 
(see also specific codes) 
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480 

two dimensional, 5.1 18  
types, 5.30-5.33 
typical, 5.1 39 -5.143 

Conservation, resource, 1.40 
Constant-flux assumption, 5.90, 92 
Constant-power assumption, 5.9 1, 5.94 
Constrained derivatives, method of, 9.60 
Construction costs 

direct, 3.12-3.16 
indirect, 3.20-2.27 

Containment, 6.173, 6.190-6.192 
cooling system, 6.1 83  
damage, aircraft accident, 6.220 
pressure suppression, 6.1 76 
prestressed concrete, 6.179 

Contingency-cost allowance, 3.17 
Control 

curtains, 6.44 
feedback loop, 6.12 
methods, 6.47-6.52 
of reactivity, 6.37-6.58 
rod programming, 9.90-9.9 1 
rod system drive, 6.49 
rod withdrawal 

at power, 6.1 13  
uncontrolled, 6.109 
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Cost analysis, 3.1, 7.43-7.52 
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capital, 8.122 
contingency, allowanc:, 3.1 7 
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plutonium (see Plutoniilrn) 
reprocessing, 7.37-7.4 > 
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system, 7.1 
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working capital, 3.4 

fast reactor, 7.1 73-7.180 

Fuel-fabrication costs, 3.51 
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Heat, waste, 6.206 
Heat dissipation, 1.53- 1.55 
Heat flux, 4.27 
Heat rate load, linear, 4 24 
Heat-transfer coefficient, 4.22 
Heavy water, 1.76-1.80, 3.14 
Heuristic methods, 9.1f 
High-temperature gas-cooled reactor 

Homogenization techniques, 5.59, 5.60 
Hot-channel allowances, 4.87-4.124 

(HTGR), 7.187-7.192 

computer approach fix, 4.108 

design approach for. 4.103 
Hypothetical accidents, 6.104 

Ice condenser, 6.178 
In-core fuel management, 9.74-9.78 
Income tax, 2.28-2.30 
Incremental operation costs, 2.18 
Indifference method of plutonium 

valuation, 7.93 
Indirect costs, 2.44 
Indirect optimization methods, 9.15-9.32 
Inhalation dosage, 6.74 
Inner iteration, 5.27 
Inspection and testing, 6.240 
Insurance, nuclear liability, 3.64 
Insurance and tax costs, 3.27 
Interest 

during construction, 3.28 
relations and terms, 2.33-2.36 

Intermediate-loop system, 4.1 7 
Interplay 

of calculation methods and core nuclear 

of design variables, 8.7-8.10 
Interrelations, technical-economic, 

3.67-3.69 
Investment, return on,  2.26 
ISOGEN, 6.65 
Isothermal-temperature coefficient, 6.16 

design, 5.144-5.148 

Kernel, Nelkin, 5.53 
Kinetic behavior, 6.0-6.22 
Krypton, 6.200, 6.203 
Kutateladze equation, 4.59 

“L” factors, 5.51 
Lagrange multiplier, 9.21 
Land and land rights, 3.14, 3.29 
LASER, 5.61, 5.127 
Lattice effects, 7.132-7.136 
Leidenfrost point, 4.68 
LEOPARD, 5.106 
Liability insurance, nuclear, 3.64 
Liapunov method, 6.28 
Licensing requirements, 6.245-6.258 
LIFE, 4.53, 7.165 
Linear heat rate load, 4.24 
Linear programming, 1.34, 9.29-9.32 
Liquid-deficient regime, 4.68 
LMFBR (see Fast reactors) 
Load factor, 2.21, 3.9 
Load structure, 2.14-2.21 
LOFT (loss-of-fluid test), 6.130 

INDEX 



Loss-of-coolant accident, 4.1 34, 4.146, 

Loss-of-coolant flow, 6.1 31-6.136 
Low-population zone, 6.95 
Lumped-parameter approach, 6.1 8 

Macbeth equation, 4.76 

Materials 

6.120-6.124, 6.181 

MACH-I, 5.65 

feed, operations, 7.6-7.21 
special, 3.14, 3.29 

Materials criteria, 8.107-8.1 1 4  
Maximum principle of Pontryagin, 9.60 
MCZ (Multigroup Constant Codes), 

Metal-water reaction, 6.126 
Meteorology, 6.21 7-6.219 
Midwest Fuel Reprocessing Plant, 7.39 
Mixedsxide fuel, 7.158-7.159 
Modal expansion, 5.141 
Modified out-in fuel-cycling program, 

Molten-salt breeder reactor, 7.193- 

Money, time value of, 2.31 
MUFT, 5.71 

MUFT-GAM, 5.38 
Multichannel synthesis method, 5.78 
Multigroup transport methods, 5.68 
Multistage-decision-process examples, 

5.38,5.54 

7.72 

7.202 

MUFT-4, 5.49 

9.72-9.104 

Nelkin kernel, 5.53 
Neutron-absorber management, 7.60 
Neutron lifetime. 6.145 
Neutron thermalization, 5.1 8 
Neutrons, delayed, 6.29 
Nil-ductility transition, 6.244 
Nitride fuels, 7.16 1 
Nodal methods, 5.79 
Noncondensibles, 6.204 
Noncore steam-supply-system parameters, 

Nondestructive testing, 6.234 
Nuclear analysis, 5.3 
Nuclear constants 

evaluation, 5.36 
generation of, 5.34-5.56 

Nuclear criticality safety, 6.259-6.267 
Nuclear design, 8.89-8.98 

8.115 

codes for, 5.31 
parameters for, 8.50-8.55 

484 

Nuclear fuel management, 3.48, 7.43, 

Nuclear liability insurance, 3.64 
Nuclear power-peaking factors, 5.7 
Nuclear power projects, 1.37-1.55 
Nuclear steam supply system, 1.8, 3.18 

Numerical methods, 5.26 

Objective function, 9.9 
OLYMPUS, 4.53, 7.165 
One-dimensional codes, 5.107 
Operation and maintenance, 3.10 

Operational-fault reactivity insertions, 

Operations 

7.53-7.77 

warranties, 1.9 

costs for, 3.64, 3.65 

6.108-6.117 

costs, incremental, 2.1 8 
feed material, 7.6-7.21 
fuel cycle, 7.5-7.42 
research, 9 .8  

9.3-9.8 
Optimization, 1.5, 1.29-1.36, 4.6, 

applications, 9.64-9.1 04  
direct. methods, 9.33-9.48 
indirect, methods, 9.15-9.32 
terminology, 9.9-9. I 4  

Ore requirements, 7.81 
Out-in fuel loading, 7.68 
Oxide fuel, 4.30-4.53 

mixed, 7.1 5 8 - 7.1 5 9 
Oxides, sulfur. 1.49 

P, treatment, 5 .50 
PACTOLUS, 3.4 
parameters (see specific parameters) 
PDQ, 5.73 

Performance testing, 8.82 
Perturbation theory, 5.1 28, 5.137 
Plant factor, 2.21, 3.39 
Plant-investment fixed charges, 3.1 1-3.40 
Plant parameters, 8.56 
Plume-dispersion formula, 6.89 
Plutonium, 6.7 1 

PDQ-4, 5.70 

physics design considerations for recycle. 
7.102-7.1 12 

price, 7.86, 7.93 
storage, 7.98 
usc patterns, 7.85 
value, 3.46, 7 .93 

Point-subdivision method. 5 .99 
Pollution. air. 1.47-1.52 

INDEX 

. . .F” . . -. . - 



- 

( 

Pontryagin, maximuni principle of, 9.60 
Population zone, low. 6.95 
Power 

coefficient of reactivity, 6.14, 6.17 
constant, assumption, 5.91, 5.94 
dispatching. 7.56-7.6 1 
distribution in core, 8.95 
generation, 5.6-5.10 
inanagenient, 7.59 
parameters, specific, 7. 37-7.1 5 3  
pattern, t i l t  in, 6.33 
peaking allowances. 4.87-4.1 24 

projects, 1.37-1.55 
transmission, electric, t ,195 

nuclear, 5.7 

POWERCO, 3.4 
Present-worth factor, 2.34, 2.37, 2.38 

Pressure-suppression con ainment. 6.176 
Pressure-tube design, I .7 3 
Pressurized light-water reactors, I .65-1.75 
Prestressed-concrete pre‘sure vessel, 6.179 
Primary coolant system, 4.14 
Probabilistic analysis, 6.:!26-6.244 
Programming 

uniform series, 2.36 

control rod, 9.90-9.9 
dynamic (see Dynamic programming) 
linear, 1.34, 9.29-9.3 L 

Property taxes, local, 3..10 
Purex solvent-extraction process, 7.37 
Pyrochemical processes, 7.42, 7.1 77- 

7.180 

Quality assurance, 4.37, 6.225 

Quasi-static analysis, 6.:,1 

Rack-and-pinion drive for  control 
elements, 6.51 

Radiation 
dose 

(see also Testing) 

inhalation, 6.74 
standards, environmental, 6.99 

exposure criteria, 6.9’l-6.100 
limits, 6.78 
values, environmental, 6.198 

Radioactive effluents, t , .200 
Reactivity 

change calculations, f.125-5.138 
and control, 5.11 
excess, 6.39 
insertions, operational fault, 

6.108-6.1 17 

W 

INDEX 

i 

inventory, 6.37-6.46 
worth, 6.39 

engineering costs, 3.25 
plant equipment, 3.14 
system. reliability o f  the, 6.235 
vessel, 8. I 14 

(see also Fast reactors) 
boiling-water, I .65-1 .75 
D20-nioderated, 1.76-1.80 
high-temperature gas-cooled, 

moltcn-salt breeder, 7.1 93-7.202 
pressurized light-water, 1.65- I .75 
sodiuni-cooled, 8.33 

Reactor 

Reactors 

7.1 87-7.1 92 

Refueling time, 7.77 
Regionwise depletion, 5.99 
Regulation 

federal, 6.246 
of public utilities, 2.4 

Regulations, Code of Federal, 6 .95 
Reliability analysis, 6.226 
Reliability of the reactor system, 6.235 

Resource conservation, 1.40 
Revenue requirements, 2.30 
Rod bowing, 4.39 
Rod withdrawal 

at power, 6.113 

REPP, 4.144, 8.100-8.105 

uncontrolled, 6.109 
Rohsenow equation, 4.58 
Rohsenow and Griffiths equation, 4.59 
Roundelay loading of fuel, 7.69 

S, approximation, 5.69 
Safety, nuclear criticality, 6.259-6.267 
Safety analysis, 6.106-6.1 38 

fast reactor, 6.139-6.165, 8.60-8.67 
report, 6.248 

Safety assurance, 6.224-6.244 
Safety features, engineered, 6.1 27, 

Safety guides, 6.246 
Safety-related thermal-design considera- 

tions, 4.125-4.1 38 
Scatter loading of fuel, 7.69 
Scriven’s theory, 4.83 
Search scheme, Fibonacci, 9.36 
Secondary loops, 4.16 
Seismic considerations, 6.21 3-6.216 
Self-shielding effect, 6.21 
Sensitivity analysis, 9.1 3 

6.166-6.223 
> 

> 

> 

> 

> 

> 



Separation factor, 7.15 
Separative work, 3.45, 7.17 
Shielding system, 6.192 
Shutdown margin, 6.38, 6.39, 6.41 
Sigma Center Information Storage and 

Retrieval System (SCISRS), 5.38 
Single-channel synthesis method, 5.77 
Sinking fund, 2.42 

Siting parameters, 6.193-6.197 
Siting policies 

deposit factor, 2.35 

in other countries, 6.222, 6.223 
in the United States, 6.193-6.221 

effect of, on plant design, 3.33 
electric system, 2.1 1 

Size 

SIZZLE, 5.116 
Sodium boiling, 4.128, 6.155 
Sodium-cooled reactor, 8.33 
Sodium superheating, 4.129 
SOFOCATE, 5.52,5.71 
Sol-gel process, 7.28, 7.186 
Solvent extraction, Purex, 7.37 
Source iteration, 5.27 
Special materials, 3.14, 3.29 
Specific power parameters, 7.1 37-7.153 
Specific utilization, 7.118 

Stability analysis, 6.23-6.29 
Staff training, 3.27 
Standards, 1.63, 6.237 

environmental dose, 6.99 
water quality, 6.21 1 

Start-up expenses, 3.27 
State variables. 9.9 
Static-analysis methods, 5.57-5.79 
Statistical hot-channel factors. 4.94- 

Steam separator, 6.48 
Steepest descent, method of, 1.33 
Stocks (equity funds), 2.23 
Strontium-90, 6.71 
Structures and improvements, 3.14 
Stuck-rod criterion, 6.41 
Subcritical experiments, 5.1 58  
Sulfur oxides, 1.49 
Sum-ofthe-years’-digits accounting, 2.4 1 
Superheating, sodium, 4.129 
SWELL, 4.53 
Swelling 

in fuel, 4.38 
in stainless-steel cladding, 4.41, 7.163 

SPLOSH-11, 4.141 

4.102 

Synthesis methods, 5.75-5.79 

486 

System environmental factors, 1.23 
Systems (see specific systems) 
Systems design approaches, 8.5-8.29 
Systems engineering, 1.18-1.36 

Taxes 
income, 2.28-2.30 
and insurance costs, 3.27 
property, local, 3.30 

TDC, 5.14 
Technical-economic interrelations, 

Temperature coefficient, isothermal, 6.16 
Temperature-entropy diagram, 4.8 
Temperature gradient in fuel, 4.21 
Temperature pattern in reactor plant, 

4.1 1-4.1 3 
TEMPEST, 5.52 
Testing, 6.240 

3.67-3.69 

nondestructive, 6.234 
performance, 8.82 

THEME-I, 4.142 
Thermal conductivity, 4.31 -4.36 

of fuel, 4.24 
integral, 4.35 

Thermal design considerations, 
safety-related, 4.1 25-4.1 38 

Thermal-hydraulic design, 8.99-8.106 
computer codes for, 4.139-4.146 

Thermal transport, 1.68, 4.1, 4.8 
Thermalization, neutron, 5.18 
Thermodynamic efficiency, 1.70 
Thermodynamic system, 4.5-4.7 
THERMOS, 5.38, 5.53 
Thorium fuel 

processing, 7.1 85-7.192 
systems, 7.1 81-7.202 

Tilt in power pattern, 6.33 
Time-step calculation, 5.90 
Time value of money, 2.31 
TNTO2, 5.1 21 
Tong equation, 4.75 
Trade studies, 8.24-8.29 
Training, staff, 3.27 
Transfer function, 6.25 
Transmission, electric power, 6.195 
Transmission costs, 6.1 70 
Transverse buckling, 5.66, 5.76 
Tritium, 6.201, 7.41 
TURBO, 5.1 19 

Turbogenerator plant, 3.14 
Two-dimensional codes, 5.1 18  

TURBO-ZIP. 5.120 

INDEX 



Uncontrolled rod withdr;!wal, 6.109 
Undetermined multiplier:;. method of, 9.20 
Uniform-annual-series co npound factor, 
’ 2.35 
Uniform-series present-w,rth factor, 2.36 
Uniform system of a c c o ~  nts, 3.12 
UOz conduction mechanism, 4.33 
Uranium enrichment, 3.4 5 
Uranium hexafluoride, 7 9 
Uranium price schedule, 7.1 9 
Use factor, 2.21 
Use patterns, plutonium, 7.85 
Utilities, regulation of piiblic, 2.4 

Variational methods, 9.22-9.28 
Vented-fuel design, 6.14 i 
Vibratory compaction, 7.26 

W-3 correlation, 4.76 
WANDA, 5.64 
Warranties, nuclear steam supply system, 

Waste heat, 6.206 
Waste treatment, 6.202 
Waterquality standards, 6.21 1 
Weak coupling, 6.35 

Working capital, 2.48, 3.37, 3.65 

1.9 

WIGLE, 5.141 

Xenon, 6.34, 6.200 

Yellow cake. 7.8 

Zerodimension calculations, 5.101 

NOTICE 

This book was pi-epared under the sponsorship of the United States Government. 
Neither the Unitt?d States nor the United States Atomic Energy Commission, nor 
any of their employees, nor any of their contractors, subcontractors, or their 
employees, makcs any warranty, express or implied, or assumes any legal liability 
or responsibility for the accuracy, completeness or usefulness of any information, 
apparatus, prodtict or process disclosed, or represents that its use would not 
infringe privatelv owned rights. 

INDEX 



Nuclear Power Reactor 
Instrumentation Systems Handbook 

Volume 1 

Editors 
Joseph M. Harm, Argonne National Laboratory 
James G. Beckerlsy. U. S. Atomic Energy Commission 

This handbook is for designers and operators o f  power-reactor instrumentation systems and those concerned with 
applications and not wi th invention. The accepted practices used in the design of nuclear reactor instrumentation 
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must routinely be tianslated i n to  shield design. Since the publication in 1959 o f  Fundamental Aspects of 
Reactor Shielding, b y  Herbert Goldstein, new generations o f  computers have become available t o  exploit 
techniques heretofore considered too costly, and new measurement techniques have been devised. The 
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