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FOREWORD

The Naval Reactors Physics Handbook, which is the seventh in a series of handbooks on
the basic reactor technology developed under the sponsorship of the Naval Reactors Branch of
the Atomic Energy Commission, presents the analytical and experimental physics techniques
which have been developed for the reactors designed in the Naval and Shippingport (PWR) Re-
actor Programs. Reactor physics has been strongly emphasized in these programs, and ex~-
tensive experimental and computational facilities have been developed. Further, particular
attention has been paid to obtaining from reactor operation as much physics information as
possible. Prototype reactors have been carefully instrumented and elaborate series of physics
tests have been carried out with the two-fold objectives of confirming and refining the physics
calculations used in each particular reactor design and of obtaining increased general under-
standing of reactors.

Power reactors must meet many stringent requirements such as size limitations, sta-
bility, and reliability. Above all, changes cannot be made in a finished core to compensate
for design error. The fundamental importance of physics in establishing fuel loading, start-
up, control, power distribution, and endurance is widely recognized. What is perhaps less
well -realized is the constant interplay of mechanical, metallurgical, and plant considerations
with physics to provide a well-balanced design. The re quirements on physics are therefore
especially severe in a power reactor. In order to provide precise and dependable physics
information it has been necessary to develop many detailed methods of analysis. Many of
these analytical techniques are applicable to other re: ors of widely differing characteristics.

The physics methods reported in these volumes are characterized by their having been
found useful in the design of actual power reactors. In addition, basic reactor theory developed
in the laboratories participating in the Naval Reactors Program is also covered. This includes
many areas of reactor physics which have long presented particular difficulty, for example
thermal neutron spectra, control rod effectiveness, self-shielding and transport effects, tem-
perature coefficients of reactivity, and flux stabuility.

While I am pleased with the advances in physics which have been made in the course of
the Naval Reactors and Shippingport Programs, I know that there is a great deal more that
must be done to improve our understanding of reactors and our ability to design them for
longer life, more uniform power distribution, simpler control, and more effective utilization
of the fuel. I hope that by publishing our available data and techniques in these volumes we
will provide impetus toward the solution of many of the basic reactor physics problems still
outstanding.

H. G. RICKOVER

Chief, Naval Reactors Branch
Reactor Development Division

U. S. Atomic Energy Commission



EDITORIAL BOARD PREFACE

The purpose of this handbook is to present the most pertinent parts of the body of physics
knowledge which has been built up in the course of the Naval and Shippingport (PWR) Reactor
Programs, with the aim of providing a background of understanding for those interested in
nuclear core design. Much of the material has already been published either in scientific
journals or topical laboratory reports; scientists engaged in the Naval Reactors Program, as
elsewhere, are encouraged to report their work in the normal manner. However, as is usual
in rapidly expanding programs, much data have remained in the form of internal memoranda
and other informal communications. It was felt to be desirable and timely to review and re-
capitulate the work which has been done on the Program and to make it available in convenient
and readily applicable form. Wherever practicable the chapters in these volumes have been
prepared by authors who actively participated in the developments discussed.

Volume I of the handbook attempts to bring together the basic theoretical and experimental

material which is of especially wide interest or is common to both thermal and intermediate -
neutron-energy reactor types. The physics design of light-water-moderated and -cooled re-
actors is covered in Volume II, and that of intermediate -neutron-energy power reactors in
Volume III. '

One of the rewards of editing a work of this kind has been the discovery of many illumi-
nating relationships between the development programs of different types of reactors. For
example, in an intermeciate reactor in which the physics characteristics in the core do not
change greatly with temperature it was natural in the critical assembly work to rely heavily
upon a quite accurate mock-up of the core at room temperature. In light-water reactors, the
philosophy was somewhat different. Since the physics properties of the core change greatly
with temperature, an accurate mock-up at room temperature was not so important; the
ability of calculational procedures to predict the results of the critical experiments at room
temperature was reasonable assurance that the calculational procedures would also be valid
under power operating conditions. This has indeed proved to be the case. Even so, as per-
formance requirements have become more severe, it has been necessary to go to more and
more faithful mock-ups of water-cooled reactors. Along with these developments, analytical
techniques, aided by large digital computers, have been making great advances.

Reactor physics today is such a rapidly growing field that the book is necessarily uneven
since it has been prepared over the course of several years by editors operating on a part-
time basis. All members of the Editorial Board have participated fully in this work by
reading all chapters and providing detailed comments. Criticism and suggestions by the
reader will be welcomed.

The writer wishes to express his appreciation to Rear Admiral H.G. Rickover for sug-
gesting the preparation of this handbook and for giving much encouragement at all times.
Special thanks are also due to T. Rockwell, III, Technical Directory of the Naval Reactors
Branch, for many helpful suggestions.

A. RADKOWSKY
Chairman, Editorial Board
Naval Reactors Physics Handbook
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Chapter 1

INTRODUCTION

S. Krasik

1.1 PURPOSE AND CONTENT OF VOLUME II

The purpose of this volume of the Naval Reactor Physics Handbook is to present the
methods currently used in the nuclear design of pressurized water reactors. This type of
reactor presently occupies a dominant position in the field of marine propulsion. In central
station power generation it will, in all probability, occupy a significant position for a long
time. Because of its importance, there is a wide interest in the techniques by which the
nuclear design of the pressurized water reactor is established. These techniques have
resulted from the contribution of many individuals and many laboratories over the past ten to
fifteen years. While essentially all of the material is available in various topical reports,
this is the first attempt to collect and present it conveniently in one volume, emphasizing its
application to design procedure.

There is not available at this time a standardized analytic design procedure for pressur-
ized water reactors. That is to say, there is not a calculational procedure through which the
properties of the operating power reactor can be calculated with sufficient certainty for design
needs. This deficiency has made it necessary to establish certain crucial features of the
design by experiment.

The methods of nuclear design for pressurized water reactors are in a state of rapid
development. In this volume, methods and techniques in current use only are described. The
method of presentation is primarily through the analysis of certain reactor designs, selected
from those developed under the cognizance of the Naval Reactors Branch of the Atomic Energy
Commission. The applied procedures given in this volume are not the ones which were
actually used to design certain of these reactors. This is most obvious in the case of the SIW
(formerly designated the STR Mark I). It would serve little purpose to present here design
methods which have been displaced by newer techniques. For this reason, the analyses of all
reactor designs have been considered only from the point of view of current procedures, and
the evaluation of experimental and operational data have been subjected to the same limitations.

This volume of the Handbook is organized into six parts. Part I deals with the nuclear
design procedure for small, highly-enriched reactors. The SIW reactor cores are used as the
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2 INTRODUCTION

expository vehicle. In effect, this section represents an analysis of the SIW reactor cores in
terms of current design procedures.

Part II is a design status report on other selected reactor projects which are under the
supervision of the Naval Reactors Branch. The PWR is presented as an example of a large,
high-uranium-content reactor designed primarily for central station power production. The

next reactors discussed are the A1W designs.

The other two reactors described in thi
submarine reactors.

Part III of this volume deals with pressurized water reactor experimentation. The

general design requirements for critical experiments are discussed, as well as the specific
designs of several critical experiments. The techniques used in critical experimentation are
described and typical results are presented. The subject of flux mapping is treated in detail;
the measurement of resonance escape probability, fast fission factor and thermal utilization
are also discussed.

In Part IV, certain reactor experimental results of particular significance to basic reactor
theory are presented and compared with analysis. Clean, critical data for both highly-
enriched reactors and slightly-enriched reactors are included. In addition, the available data
from control rod worth experiments are given. The general procedure in the design of
pressurized water reactors is to compare experimental results on cold, critical experiments
with a theoretical analysis of the cold experiments. The theory is then extrapolated to the hot
case. The particular importance of basic experiments in pressurized water reactor design is
a consequence of this procedure.

Part V is a section on the topic of reactor and plant kinetics. Because of the negative
temperature coefficient of reactivity, pressurized water reactors are coupled in response to
the entire plant. The basic analysis of the coupled problem is presented, together with
application to the problem of reactor and plant stability.

In Part VI, two special topics of importance to the design of pressurized water reactors
are discussed. One of these is the theory of control rod worth, insofar as this topic has been
developed to date. The other topic deals with synthesis methods for calculating reactor designs.

1.2 THE PROBLEMS OF NUCLEAR DESIGN
There are three major questions in the nuclear design of a power reactor which must be
answered:

1. Is the control system adequate to assure shutdown of the reactor in its most reactive
condition ?
2. Does the reactor have sufficient excess reactivity to meet its lifetime and maneuver-
ing requirements ?
3. What is the power distribution in the reactor throughout its lifetime ?
It is clear that the first two questions are related, for the greater the excess reactivity
of the reactor the greater is the total control requirement necessary to assure safe shutdown.
It is perhaps not quite so clear that the third question is also related to the first two. This
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comes about because of the important effect of the control rods on the power distribution in
the reactor.

These questions are discussed in greater detail below. Before proceeding to this dis-
cussion, a few points will be noted relating to the general nuclear design problem. It is a
characteristic of pressurized water reactors that the nuclear design is not only difficult con-
ceptually, but complicated as well. There are two reasons for this. The first is that the
reactor behavior is sensitive to relatively minor mechanical design details. The presence of
water channels for control rods, the concentration of fuel into clusters, the water
temperature, these all have significant effects on the reactor behavior. This sensitivity is
related to the effective moderation properties of water and to the relatively short diffusion
length for thermal neutrons in the reactor core. Hence, the neutron flux in the reactor can
have extremely large gradients which affect both the criticality and power distribution in the
reactor.

The second reason for the difficulty in the design of pressurized water reactors is related
to experimentation with the reactor at its operating temperature. Experimentation under these
conditions has presented such formidable problems that it has not yet been attempted. The
only data available on the reactors at operating temperature have come from actual operation
of the reactors. This difficulty has precluded an empirical design approach for pressurized
water reactors, and has necessitated a substantial dependence upon theoretical methods for
nuclear design. This approach includes extrapolation of experimental results from the cold
condition to the reactor at operating temperature.

1.3 REACTIVITY AND CONTROL DESIGN

The mini-

mum acceptable shutdown for the reactor in its most reactive condition is approximately

5 per cent.

To meet these needs the analytical methods available to the nuclear designer may be

relied upon to the following extent:
1. The criticality of a uniform, homogeneously-fueled cold reactor may be calculated to

within 2 per cent in reactivity.

2,

the effects present in a given design are all recognized and taken into account, they
may be calculated with a precision of 1 per cent to 2 per cent in reactivity.

w
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The accuracy of this calculation depends upon the reactor

lifetime and decreases sharply with increasing reactor lifetime. The error can be

one-quarter to one-half the total lifetime reactivity allotment, or 2 per cent to

5 per cent in rezctivity.

Clearly, the accumulated uncertainty in an analytic reactor design can be very substantial.

The total uncertainty is, in fact, so great as to preclude a completely analytic design if firm
performance requirements are imposed on the reactor. For this reason, reactor critical
experiments must be performed to establish the reactor design, cven though these experiments
impose a substantial burden in cost and time. Every reactor design developed in the Naval
Reactor program has had to make use of a critical experiment to obtain the required degree of
assurance in reactor performance.

1.4 ROLE OF THE MOCK-UP CRITICAL EXPERIMENT IN REACTIVITY
AND CONTROL DESIGN

The two principal questions with respect to the reactivity and control design of the
reactor are (1) adequate shutdown and (2) adequate excess reactivity. The adequacy of the
reactor shutdown can be determined directly by constructing a critical experiment, which is
a nuclear mock-up of the reactor design, and measuring the shutdown. Since the mock-up is a
nuclear model of the des:ign, this procedure is quite satisfactory.

The adequacy of the excess reactivity is not easily determined from experiment. As noted
previously, the reactor cannot be easily mocked up in its high temperature condition. Further-
more, even if the hot reactor could be mocked up, the questions of xenon override and
lifetime reactivity changes would still remain. Because of the primary difficulty of achieving
a hot mock-up experiment, there has as yet been no consideration in the Naval Reactor
program of mock-up of xenon or depletion conditions for pressurized water reactors.

Since mock-up critical experiments in the operating condition have not as yet been avail-
able, the approach employed, as noted previously, has been that of establishing the adequacy
of the excess reactivity by calculation. This imposes a severe burden on the theoretical
procedure, and requires that some assessment be made of the adequacy of the analysis. The
procedure followed is to carry out analyses of the cold mock-up experiment in a variety of
conditions. To the extent that the design analytic procedure appears adequate in explaining
the behavior of the cold reactor, it may be relied upon for estimating the adequacy of the
excess reactivity margin.

A variety of tests are imposed on the analysis of the cold mock-up experiment. These
include simple "clean critical' conditions, a variety of geometries, specific heterogeneity
effects, poison experiments, partial water height experiments, and organic moderator
experiments. Considerable ingenuity has been shown in developing tests of the analytic pro-
cedures, and some significant weaknesses have been uncovered. While this design approach
appears cumbersome, it has added in an important way to the understanding of reactor
nuclear design.

1.5 SUMMARY OF REACTIVITY AND CONTROL DESIGN PROCEDURE
From the nuclear designer's point of view, the reactivity and control design procedure for
a reactor project can be summarized in the stages listed below:
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1. The objectives of the reactor project are set. Following this, initial survey studies
are carried out to examine the possibilities of meeting the project objectives.

2. A general design area is selected. Based upon the results of the survey study, a
more limited area is defined, and this is explored analytically in greater detail.

3. The general features of the reactor design are selected. Determination of the mech-
anical design permits work to proceed on the mock-up critical experiment. Detailed
design studies are carried on during the period of procurement and construction of
the mock-up critical experiment.

4, The essential mock-up critical experiment results are obtained and compared with
calculations. If the design is reasonably satisfactory, a fuel loading is selected and
core fabrication is undertaken.

5. The reactor core is manufactured and the plant placed in operation. During the
manufacturing stage, confirmatory studies of the design are carried out. Following
reactor operation, performance-analysis studies are made.

The steps outlined above are essentially those followed for each project under Naval
Reactor cognizance, with the addition that, wherever possible, results of one project are
applied to a new project. This procedure places greatest emphasis on certainty of the design.
It is illustrated by the introduction of the critical experiment at as early a stage in the project
as is feasible, and by the continuation of the critical experiment work through the manufactur-
ing stage of the reactor project.

In addition to assurance of performance, another important objective is reduction of the
over-all time required from concept of the reactor to initial plant operation. This objective
is met by carrying out the detailed reactor design during construction of the mock-up critical
experiment, and by proceeding to core fabrication with only a minimum confirmation of the
design by the critical experiment. In every step, time is saved by proceeding to the next
stage on the presumption that the design is satisfactory. The required confirmatory studies
are carried out in parallel with the next stage of the project.

There is, of course, no unique design procedure for the nuclear design of a reactor. The
procedure which is selected must balance the relative factors of available design time,
certainty of performance, and over-all cost.

In concluding this summary of the reactivity and control design procedure, it is of interest
to examine the freedom actually available to the nuclear designer in fixing a reactor design
under this procedure. The nuclear designer has, first, the problem of obtaining an adequate
range of control and, second, the problem of fixing the criticality of his design under given
conditions at an appropriate point on this control range. The range of control available to the
designer is severely limited by mechanical design considerations and the neutron absorption
properties of materials suitable for use as control elements. Once the mechanical design of
the reactor is fixed, and the number of control rods together with their span chosen, the
nuclear designer's problem is reduced to determination of the fixed range of control available
to him, rather than a choice of appropriate range of control.

However, once this choice is made, the nuclear designer can no
longer exert significant influence on the reactivity and control design. His task then becomes
the determination of design properties as they exist. Insofar as the nuclear designer is
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concerned, the fixing of the reactor fuel loading and the start of core fabrication represent a
major landmark in the reactor project's history.

1.6 POWER DISTRIBUTIONS IN THE REACTOR

+ Up to this point, the discussion of the nuclear designer's task has been concerned
primarily with the reactivity and control design of the reactor. There remains the important
problem of power distribution in the reactor. As noted previously, the power distribution is
closely related to the control scheme since the control rods have a very significant effect on
the power distribution. This represents another limitation on the amount of excess reactivity
which the reactor may have, since a very large excess reactivity, even if controllable, may
lead to severe power maldistributions in the reactor.

Control plays another important role in reactor power distributions. The rate of fuel
depletion in the neighborhood of control rods is substantially below the average in the reactor.
With high average depletion, this can result in a significant difference in fuel concentration
between regions adjacent to control rods and the remainder of the reactor. As the reactor's
lifetime nears an end, and the control rods are withdrawn, the flux depression due to the
control rods is replaced by a flux peak due to the residual water channels previously occupied
by the rods. This flux peak alone can be serious. In combination with the now relatively
higher fuel density near the control rods it can result in severe local maldistributions of
power in the reactor.

The basic analytic tool available to the designer for these studies is the few-group
diffusion theory. This is applied to design studies through the use of large scale digital
computers.

The adequacy of diffusion theory as an approximation to transport theory for the descrip-
tion of the power distribution in the reactor has been in question for a number of years. Here
again, the critical experiment provides important practical assistance. Flux distributions
are made on the mock-up critical experiments and compared with analytic results. Once
more, the point of view adopted is that a satisfactory analysis of the distribution in the cold
mock-up reactor is reasonable assurance of adequacy for the operating reactor. It should be
noted that the errors grow with lifetime, since errors in flux distribution caleculations lead to
errors in estimates of fuel depletion.

1.7 THE EVOLUTION OF REACTOR PHYSICS AND NUCLEAR DESIGN METHODS

It was remarked in the introduction to this chapter that nuclear design techniques for
pressurized water reactors are in a state of rapid evolution. It was, in fact, noted that the
design methods discussed in this volume were not available for the design of some of the
reactors which are discussed. This evolutionary process is continuing because of the very
real need of the nuclear designer for more adequate methods.

There are several areas in which advances will undoubtedly be made. One of these is
development of more satisfactory methods of estimating control rod worth. This development
can lead to a greatly reduced importance of the mock-up critical experiment in the design
procedure. Another area in which significant advances will probably be made is in the caleu-
lation of the reactivity lifetime problem.
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The advances in nuclear design techniques have come about in two principal ways. One is
a better understanding of reactor physics. This has resulted from the gradual accumulation
of analyzable experimental reactor information with which the theoretical results may be com-
pared. The second way in which nuclear design techniques have advanced is through the
application of large scale digital computers to reactor problems. This has made it possible
to take into account the details of reactor composition and geometry which are of such
importance in water moderated reactors. The next few years will see the continuation of this
trend with the application of even larger digital computers as they become available.

1.8 ACKNOWLEDGEMENTS

In a field to which so many individuals and laboratories have contributed, the question of
credit for original contributions is a difficult one. A few remarks should be made, however,
with respect to authorship of the sections of this volume. The individual authors who have
written the various sections of this book have been selected on the basis of their background in
the topic and their availability for work on this handbook. Authorship of a section does not, of
itself, represent a claim on the part of the author for original responsibility. Insofar as
possible, credit for original work is given by reference to papers and reports.

The role of the national laboratories in the development of the Naval Reactor Program
should also be mentioned. A major contribution in the area of presssurized water reactors
for Naval Reactor propulsion was made by the Argonne National Laboratory in the program
which led to the SIW reactor. The work which led to the SIW project had its inception at the
Oak Ridge National Laboratory in 1946-1947 as an outgrowth of work which had been under-
taken on the so-called Daniels power pile. The work was carried sufficiently far at Oak
Ridge to permit a conceptual design report to be written. 1

During 1948-1949 the Naval Reactor program and a large part
of the personnel associated with it at Oak Ridge were moved to Argonne National Laboratory.

The next definitive landmark was the design status rtapcvrt2 issued in 1950. The mock-up
critical experiment ZPR-1 was placed in operation late in 1950, and the reactor fuel loading
for the first core was set in April 1951. The critical experiment work at Argonne continued
until 1953, and is reported in three documents. 3 The Bettis organization, which was formed
in 1949, participated in the program with increasing responsibility and, following the setting
of the first core fuel loading in 1951, the Argonne responsibility in the nuclear design was
gradually shifted to Bettis. The design effort on a high performance, small, pressurized
water reactor was started at the Knolls Atomic Power Laboratory in 1952.

Another laboratory which has been of considerable assistance to the pressurized water
reactor development program is the Brookhaven National Laboratory. The cooperative study
program on slightly enriched uranium water lattices represented an important contribution,

particularly to the PWR project.
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DESIGN AND OPERATIONAL
CHARACTERISTICS OF THE SIW REACTORS

The reactors used in the S1W plant have been selected for the most detailed presentation
of design procedures because of the extensive operating experience with these cores. The
availability of operating data makes it possible to compare results of design calculations with
operating results.

The S1W plant, originally designated the Submarine Thermal Reactor (STR), is the proto-
type plant for the submarine SSN 571, the NAUTILUS. The S1W plant, located at the Naval
Reactor Facility in Idaho, was completed in 1953. The NAUTII.US plant is designated S2W
and was completed in 1955. From the viewpoint of reactor design, these twoplants are

essentially identical.
There has been operating experience with four reactors in these two plants, three to the

end of reactivity lifetime. Table I-1 gives the operational dates for these four reactor cores.
In addition to these four, additional reactors for the S2W plant have been planned. Core 3B is
a duplicate of Core 3. Cores 3C and 3D are designations of advanced type reactor cores for

the S2W plant which are presently under development.

From a reactor physics point of view the mechanical designs of all of these cores are quite

similar.
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- There are, however, significant differences in the nuclear design between

certain of these reactors.

Since Cores 1 and 2 are essentially alike, except for a small difference in fuel loading, from
a nuclear design point of view there are three different classes of cores which have been de-
signed for the S1W and S2W plants.

It will be observed in the two chapters dealing with these reactors that the operational data
obtained on the cores are not as complete or as satisfactory as would be desirable from a
reactor physics point of view, There are two reasons for this, First, many tests were re-
quired with the S1W plant other than those concerned with reactor physics. These tests,
many of an operational nature and of substantial duration, either prevented the performance
of reactor physics tests or imposed such restrictions as to limit the amount and quality of
physics data which could be taken. The second problem was simply the difficulty of making
good reactor physics measurements in a complicated operating plant equipped primarily
with operational type instruments even without interference from other tests. The operational
data reported are those taken with the S1W plant. The data from the operating submarine
are not available in sufficiently complete form to warrant analysis. This is not serious,
however, since the S1W operations were on prototypes of the S2W reactors.

Over the ten-year period since the S1W reactor design was started, there have been major
changes in the methods of nuclear design. In this interval there have been several genera-
tions of design methods developed and then made obsolete by the emergence of new techniques.
Two factors have brought this about, First, the increase in understanding of reactor physics
and, second, the advent of successively larger digital computers. The methods of nuclear de-
sign used to analyze the S1W reactors in the next two chapters are those which would be used at
present if the designs were currently being developed. The presentation will be based on accep-
tance of the design as it exists and performance analysis of the design by current techniques.

The division of the material between the two chapters is as follows: Chapter 2 deals with

S1W Core 1 explicitly but covers Core 2 as well,

Operational results with the cores are included in

the respective chapters.
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Part |l
DESIGN STATUS OF CURRENT REACTORS

In this part of the handbook the nuclear design of the second generation of pressurized
water reactors following the S1W and S2W, is reviewed. This group of reactors includes the
PWR; two submarine reactors, the S3G, and SFR; and two reactors for surface vessel
application, the A1W Cores 1 and 2, While the reactors in this group have certain elements of
similarity, they differ from each other in many respects. This comes about not only because
the applications are different and therefore different design features are required, but also
because each reactor has been used as a vehicle for certain specific development objectives.
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Chapter 4

DESIGN OF THE PWR

by R. T. Bayard and M. J. Galper

4.1 INTRODUCTION

The reactor concept chosen for the PWR is that of a seed and blanket reactor. The reactor
consists of a small seed containing highly enriched uranium surrounded by a blanket containing
natural uranium. The k_ of the seed is high, but that of the blanket is less than unity because
it is fueled with natural uranium. The reactivity of the assembly is governed largely by the
properties of the seed, and the blanket acts as a multiplying reflecting region., With this
arrangement it is possible to extract a substantial amount of power from water moderated
natural uranium. One important objective in this type of design has been the production of as
great a fraction of the total power as possible in the natural uranium.

4.2 GENERAL PROPERTIES OF A SEED - BLANKET CORE

The principal advantage of the seed and blanket design, as compared with a single zone,
slightly enriched design, is that a smaller quantity of thermally fisgionable material is needed
to maintain the reactor critical. The reason for this is that the fissionable material is concen-
trated in a region of greater importance for neutrons. An associated advantage of the seed and
blanket design is that fewer control rods are needed to provide adequate reactivity control and
shutdown than would be needed for the corresponding slightly enriched design. As the k_ of
the blanket is always less than unity, no control is needed in this region. Control is associated
only with the seed, which constitutes a small fraction of the total reactor volume. In a sense,
it is necessary to provide one control rod for a given fraction of the total volume of reactor,
gince the rod poison cannot be felt at great distances from its position. Thus, it is necessary
to provide more control rods of smaller individual worth in a slightly enriched reactor than
for the corresponding seed and blanket reactor.

An additional advantage of the seed and blanket design is schedular. Since the blanket
parameters do not markedly influence the reactivity or the temperature coefficient of the
reactor, the design of the blanket can be selected and blanket fuel element manufacture can be
started before the fuel loading of the seed has been established. In fact, different seeds con-
taining different fuel loadings can be used with the same blanket. This flexibility permits the
time between design and manufacture to be reduced. By way of comparison, in a single zone,
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slightly enriched reactor, the loading, in terms of enrichment, must be set before fuel element
fabrication can be started.

A problem with the seed and blanket design is the concentration of power in the seed and
the relatively low power density in the outer blanket regions. The seed problem is met by
use of plate construction which permits greater power density. The problem in the blanket is
alleviated by limiting the coolant flow in the regions of lower power density.

The general features of the sharing of power between the seed and the blanket can be seen
by considering the simplified expression for power sharing given be:low:1

BlanketPower_kB-ee k" -1 Eq (4.1)
Seed Power 1. kB l{S q- .

B ]

where k™ and k™ are the infinite region multiplication constants of the blanket region and the
seed region, respectively, and € is the fast fission factor in the blanket.

In Eq. (4.1) the effect of neutron leakage out of the reactor is neglected. Nevertheless, it
does indicate the general behavior of the power sharing in a seed and blanket reactor. As can
be seen from Eq. (4. 1), the fractional blanket power increases with increasing seed ks. It
B for kD less than unity.

Over the operating lifetime of the reactor as equilibrium_ Pu

also increases with increasing blanket k
239 concentration is estab-
lished, kB tends to approach a uniform value. This can be seen by ignoring for the moment
235 Pu240 aad Pu241 239

the contributions of U , and fission product poisons. If the Pu concen-
tration is low, then kB is relatively low. According to the power sharing formula, the blanket
power fraction is low. The fissioning rate in the seed and, hence, the fast neutron flux and
leakage are high. Because of this large, fast neutron flux leakage into the blanket, the
plutonium production rate is high and the plutonium concentration rises. As it rises, the
blanket power fraction and kB increase, and the number of excess neutrons from the seed
diminighes. This simple picture is modified, of course, by the presence of U235, and by the
production and destruction of the higher plutonium isotopes, as well as by the build-up of the
fission product poisons.

Various deductions can be drawn from Eq. (4.1) concerning the reactor design. Both kB
and ks should be as large as possible. Considering over-all criticality, the requirement that
k> be large means that the seed should be small with high neutron leakage. This is confirmed
by survey studies showing that large blanket power fractions can be obtained by using a small,
high leakage seed. However, as kS is made larger and the seed leakage increased by reducing
the seed volume the seed power fraction does not decrease as rapidly as the seed volume.
Thus, to obtain a high power fraction in the blanket, the power density in the seed must be high.
In an actual design the limit on the blanket power fraction is set by the maximum power density
which can be used in the seed.

To obtain high neutron leakage from the seed into the blanket, it is necessary to provide
a high-buckling geometry in the seed. In general, this implies a seed with at least one of the
principal dimensions rather small. A reactor design in which the dimensions of the seed are
small in a two-dimensional sense (seed material in the form of long isolated cylinders) is
possible; but this implies either a small single central seed, in which the power density would
be high, or it suggests several seeds dispersed throughout the blanket. Such spiked seed
designs have been studied. They appear to have peaking factors in the seed spikes which are
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rather large. In the limit of a large number of small seeds of this type the reactor approaches
a uniform, slightly enriched design.

For a practical reactor, designed to deliver a large output power, a geometry in which
the seed is small in one dimension only appears to be most feasible. The annular seed of the
PWR is such a design. In this design the seed leakage is governed by the thickness of the
annulus. The volume of the annulus, which determines the power density, is adjusted by
changing the radius of the annulus.

A detrimental effect of increasing the seed fuel loading is the increase in the flux peaking
factor in the seed. As the seed loading is increased, the thermal absorption of the seed
Becomes larger than that of the blanket material, and a significant flux depression results at
the center of the seed. Thus the over-all gain to be realized by increasing ks through increased
loading is limited by the flux peaking factor in the seed.

Since the reactivity of a seed and blanket reactor is determined principally by the seed
and not by the blanket, the negative temperature coefficient of reactivity can be provided
through the properties of the seed alone. For this reason the metal-to-water ratio of the seed
must be fairly high. A water-starved condition is not needed in the blanket, and since a high
kB is desired, the water-to-uranium ratio can be chosen to give maximum kB without regard
to the temperature coefficient.

The PWR radial reflector is water. Since the reactor is quite large, the leakage from the
reactor is fairly small and the importance of a reflector is reduced. The water reflector does
tend to keep the flux in the outer regions of the blanket a little higher than it would be if the
reflector were absent. This improves the peaking factor in the outer blanket region, but the
gain is not large.

4.3 DESCRIPTION OF THE PWR REACTOR

(a) Arrangement of Materials. The over-all geometry of the PWR design involves
an inner and outer blanket region surrounding an annular seed region. The core geometry is
shown in Fig. 4.1. The seed is in the form of a modified square annulus with the corner seed
units inset. The module, or center-to-center fuel assembly spacing, is 6 inches; the effective
height of the fueled region in both seed and blanket is approximately 72 inches. The control
rods are located in the seed units only.

Both the seed and blanket assemblies have external dimensions of 5-1/2 inches square.
These fit into a pair of lattice plates which locate their bottom and top ends on the 6-inch
center-to-center spacings.

There are 145 fuel assemblies in the design. Of these, 32 are seed assemblies and the
remaining 113 are blanket assemblies.

(b) Seed Configuration. A detailed cross section view of a typical seed fuel assembly,
called a cluster, is shown in Fig. 4.2. Each cluster consists of four subassemblies whose
over-all dimensions are 2. 50 inches by 2. 50 inches. The subagsemblies are made up of a
series of parallel plates welded together at their edges to form an enclosed box. The fuel
plates have a fuel section which is 0.039 inch thick by 2.050 inches wide by 70.75 inches long
of uranium-235 alloyed in Zircaloy-2. The fuel alloy is a 6.5 w/o alloy of highly enriched
(over 90 per cent) uranium-235 in Zircaloy. The fuel is clad with 0.015-inch-thick Zircaloy
plates roll-bonded to the fuel alloy. In each subassembly the two outside plates have no fuel
and are thicker than the fuel plates in order to withstand hydraulic forces. In the manufacturing
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Fig. 4.1 - PWR Core Geometry.

process the outside edges of the fuel plate are upset to give the plate cross section an I-beam
shape; when the plates are stacked together, the I-beam sections are in contact. Thesge pro-
vide the water channel coolant passages of 0. 069 inch between plates. The flanged edges of the
fuel plates when welded together constitute the remaining two side plates of the subassembly
box.

The subassemblies are machine finished on the sides adjacent to the control rod channels.
They are then assembled in groups of four into the cluster shown in Fig. 4.2. The control rod

channel spacing is maintained by inserting Zircaloy spacer bars between the four subagsemblies.

These spacers are welded in place and constitute an integral part of the cluster. The outside
of the welded cluster is machine finished to final dimensions.

(c) Blanket Conliguration. A blanket fuel bundle, shown in Fig. 4.3, consists of an
array of Zircaloy-2 tubes each containing a stack of cylindrical uranium-oxide pellets. An
individual fuel tube is shown in Fig. 4.4. The individual zirconium tubes are 10-1/4 inches
long, including the two 1/Z-inch long Zircaloy end caps. Each tube has 26 pellets; 0. 358 inch
long by 0. 350 inch in diameter. The pellets are composed of natural uranium-dioxide sintered
to approximately 93 per cent of theoretical density and ground to finished dimension. The
nominal dimensions of the Zircaloy tube are 0. 41l inch O. D. with a wall thickness of 0. 022 inch.
The Zircaloy end caps are welded to the tubes and then inserted into Zircaloy tube sheets con-
taining a square array of 121 holes on 0. 468 inch center-to-center spacing. The end caps are
welded in place and the tube sheets are drilled in the spaces between rods to provide the water
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passages. The assembled unit, called a bundle, consists. of 120 fuel elements and has over-all
dimensions of 10.25 inches high by 5.2 inches square. This is the unit shown in Fig. 4.3.

One of the corner locations has no fuel element in order to provide a passageway for an instru-
mentation tube. Seven of these blanket bundles are stacked into a square 6-foot-long blanket
assembly shell which is composed of 0, 2-inch-thick Zircaloy plates welded into a box shape.
The water passages of successive bundles in a blanket assembly are in register because the
small lateral clearance between the bundles and the shell prevents misalignment of the holes.

=
-

E

Fig. 4.3 - Blanket Fuel Bundle.

(d) Control Rods. The control rods are cruciform-shaped, and composed of hafnium
of over 95 per cent purity. They are located in the 1/2-inch-thick cross-shaped hole in each
seed cluster shown in Fig. 4. 2. The span is 3-3/8 inches and the web thickness is 0. 22 inch.
The ends of the rods are rounded to ensure free passage of the rod in the channel. The control
rods are driven by a screw-type mechanism and are scrammed by gravity alone.

4.4 OVER-ALL CORE CHARACTERISTICS - ONE DIMENSIONAL SURVEY STUDIES

The initial phase in the development of the PWR had as its goal the specification of a con-
ceptual nuclear design. This served two purposes: First, it provided the basis for further
development by mechanical and thermal designers of specific reference core parameters
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Fig. 4.4 - Blanket Fuel Tube.
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compatible with the initial reactor physics information. Second, it established the require-
ments to be satisfied by a critical facility design, and allowed the design and cohstruction of
that facility to be initiated.

The process of developing physics information for a conceptual design requires a large
number of reactor calculations. In the case of the PWR, the bulk of these preliminary survey
calculations involved a simple, one-dimensional representation of the core. The core diameter
and the radial positions of the interfaces between the seed and blanket regions were adjusted
so that the area contained in each of the three fuel regions in the one-dimensional model was
equal to that in the corresponding region of the actual two-dimensional core cross section.
Figure 4.5 is a diagram of this model. Two-group diffusion theory was employed. The slow-
group constants were found by averaging the thermal neutron cross sections over a Maxwellian
energy distribution, and the fast-group constants were based on fitted microscopic cross section
values. These fitted cross sections were derived from MUFT calculations (see Appendix E)
using essentially the method described by Ombrellar03 (see also Volume I of this handbook).
Resonance escape probability was computed by the method of Steinz (see also Volume I of this
handbook).

The calculations were undertaken for the purpose of establishing interrelationships among
the several quantities of interest. The criticality calculations were performed with a two-group,
one-dimensional diffusion theory digital computer code AML-17 (see Appendix A). Lifetime
depletion studies were made using the AML-67 code (see Appendix C). The quantities examined
included: (1) The fraction of core power generated in blanket material for a reactor at criti-
cality; (2) the effect of seed annulus thickness and location; (3) seed fuel loading for criticality;
(4) fuel loading for a specified reactivity lifetime; (5) the effect of metal-to-water volume ratio
in the seed; (6) the effect of water-to-uranium volume ratio in the blanket. In these calculations,
the core was adjusted to criticality by assuming a uniformly distributed thermal poison cross
section in the seed. Figures 4. 6 through 4.10 summarize some of the results of this survey.

(a) Effect of Seed Thickness. It can be seen from Fig. 4. 6 that a reduction in seed
annulus thickness for a given mean radial seed location results in an increase in blanket

power. However, as was mentioned in Sec. 4.2, it was found that the seed power density
increases with decreasing seed volume. The engineering limitations on coolant flow and maxi-
mum metal surface temperature placed a limit on the allowable value for the seed power
density. Thus, an upper limit was imposed on the attainable value for the blanket power
fraction.

(b) Effect of Seed Location. A corresponding limitation was found when the seed
annulus was moved inward toward the limit of a central seed core surrounded by blanket
material. In this case also, the resulting increase in blanket power fraction was accompanied
by an increase in seed power density. The seed position and annulus dimensions chosen for
the PWR design thus represented a compromise between the competing effects of blanket power
fraction and seed power density.

(c) Effect of Water-to-Uranium Volume Ratio in Blanket Material. In order to mini-
mize the amount of highly enriched uranium fuel required to provide a given core lifetime, a

high value of blanket power fraction is desirable. As mentioned previously, a parameter which
affects this power fraction is the multiplication constant, kB, of the blanket material. Based
on the experimental evidence cited in Chap. 13, this is optimized in the PWR blanket by the
choice of a water-to-uranium volume ratio of between 3:1 and 4:1. (This ratio is specified as
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the water-to-uranium volume ratio with the uranium considered as metal.) In a single zone,
slightly enriched core, an upper limit on the water-to-uranium volume ratio is set by the
temperature coefficient of reactivity (essentially 8k m/ 8T) which must have a negative value to
provide stability. In the PWR seed and blanket design, calculations have shown that the
blanket k , although important in determining power distribution, had only a second order
effect on core reactivity compared to the effect of the seed k . Consequently, the blanket
water-to-uranium volume ratio was chosen to have a value as near the optimum as thermal
and mechanical design considerations would permit.

(d) Effect of Metal-to-Water Volume Ratio in the Seed. An increase in the metal-to-
water volume ratio of the seed material results in an increase in the neutron age of that
material. The apparent thickness of the seed annulus for fast neutrons decreases with increas-
ing neutron age. Therefore, the fast neutron leakage from the seed, and consequently the
blanket power fraction, is higher for larger values of the seed region metal-to-water volume
ratio. In order to optimize the blanket power fraction, the metal-to-water volume ratio for
the seed was chosen to be as high as mechanical and thermal limitations would allow.

The choice of metal-to-water volume ratio for the seed has an important bearing on the
temperature coefficient of reactivity. Because of the high neutron leakage characteristic of
the thin annular seed, the reactivity contributed by this region is particularly sensitive to
variations in neutron age. A change in moderator temperature alters reactivity because it
affects both the neutron age and the seed k . The former, however, is the more important
effect. A high value of metal-to-water ratio results in a more negative temperature coefficient
of reactivity and tends to make the reactivity more sensitive to small variations in mechanical

dimensions.
(e) Effects of Seed Loading. Figure 4.7 is a radial plot of thermal-group and fast-

group flux distributions for a typical cylindrical annular seed with a cylindrical inner and
outer blanket. The flux plots describe the reactor in the hot condition with two values of seed
loading. At each loading the reactor was adjusted to criticality by a uniform thermal poison
in the seed. A justification for this method of control is discussed below in Sec. 4.5.

Figure 4.8 describes the effect on the blanket power fraction of increasing the fuel loading
in the seed to provide for depletion with operating lifetime. It can be seen that one effect of
fuel depletion is to increase the blanket power fraction.

(f) Reactivity Lifetime Calculations - Gross Changes of Power Distribution with Life.
The effects of U235 fuel depletion and plutonium build-up on the distribution of power in the
core was examined by the use of a one-dimensional depletion code, AML-67, which calculated
the timewise variation of fuel and fission product isotopes for a two-group, one -dimensional
model of the core (see Appendix C). At each step in a series of discrete increments of time,
the effective multiplication constant and the power distribution were recalculated. The latter
was computed for a reactor readjusted to criticality at each time step by uniformly distributed
thermal poison in the seed.

It was assumed in performing the lifetime calculations that the reactor was maintained at
a constant po“.rer level throughout the life of the core. During the first 40 to 50 hours of
operation, the initially clean core was markedly affected by the build-up of the xenon fission
product poison. Figures 4.9 and 4.10, which describe the variations in effective multiplication
constant (keﬁ.) and blanket power fraction with time, demonstrate the effect of xenon build-up
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on these quantities. After approximately 50 hours of operation, the xenon concentration
attained an equilibrium value which then varied only slightly throughout core life., Thus, for
times in excess of 50 hours, the curves describe the effect on k&ff and the blanket power
fraction of fuel depletion and plutonium build-up. The increase in blanket power with time, as
described in Fig. 4.10, includes the effects of fuel depletion in the seed and the build-up of
Pu??? in the blanket.

These one -dimensicnal reactivity lifetime calculations were used to estimate the fuel
loading in the seed necessary for core life. Since the seed power fraction does not change
greatly with lifetime, the fuel loading can be estimated to within 10 per cent by adding to the
critical loading sufficient fuel to provide for the depletion which would result if the seed power
fraction remained constant at its initial value throughout core life.

4.5 OVER-ALL CORE CHARACTERISTICS - TWO-DIMENSIONAL STUDIES

To utilize the results of physics investigations on the distribution of power in the reactor,
the reactor thermal designer requires more information than can be obtained solely from a
simple one -dimensional representation of the core. Needed information includes the magnitude
and location of the power peaks in the various orificing regions of the core, the fraction of the
total core power generated in the various regions, and the effects of different control rod con-
figurations.

To provide such information, reactor calculations were performed by means of the
CUTHILL code and the QED and PDQ codes. These are two-dimensional, few-group, diffusion
theory codes for use wita digital computers (see Appendix B). The limitations of the digital
computer allowed the reactor to be described only on the basis of quadrant symmetry and
without any description of the local heterogeneity of the core. The presence of a control rod in
a seed cluster, for example, was represented by a uniform poison in that cluster. Figure 4,11
is a contour map of the thermal group flux from a typical two-dimensional calculation for a
hot clean core in which it was assumed that control rods were fully inserted in the four inset
corner seed clusters (the shaded block) and all other control rods were fully withdrawn. This
calculation was made for the radial plane, i.e., the plane normal to the control rod axis.
Similar two-dimensional calculations were performed for other control rod configurations, and
a description of the distribution of power in each subregion of the core was thus obtained.

Two-dimensional calculations, such as that of Fig. 4.11, do not, in general, represent the
reactor in its critical state. If it were possible to describe the reactor hy a three-dimensional
calculation, a supercritical configuration would be adjusted to criticality by the insertion of
additional control rods downward into the core. A two-dimensional calculation for a seed and
blanket reactor does not allow this mode of control to be described. The fact that the two-
dimensional calculation does not represent a critical condition affects the blanket power fraction
obtained from the two-dimensional calculation. This problem was investigated by comparing
a series of one- and two-dimensional calculations.

In Fig. 4.12, the results of a series of two-dimensional calculations for various rod con-
figurations are summarized in terms of the blanket power fraction corresponding to a particular
value of keff' In addition, the results of a number of one-dimensional calculations are shown
in which the kopp of the core was varied by adjusting the amount of uniform thermal poison in
the seed. The results shown in Fig. 4.12 indicate, first, that the blanket power fraction is a
function of the excess reactivity of the reactor, and second, the one-dimensional blanket power
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Fig. 4.11 - Two-dimensional Calculation of Thermal Neutron Flux
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fraction compares quite well with the corresponding value obtained from the two-dimensional
calculation. On the basis of these results, the two-dimensional calculations are used to
obtain peak-to-average flux ratios in various regions of the core; however, one-dimensional
calculations at criticality are relied upon to establish the blanket power fraction.

4.6 DETAILED CORE CHARACTERISTICS - GROUP CONSTANTS

In the early stages of design analysis, when the interrelationships among the basic core
parameters are examined in order to arrive at a conceptual design, the fact that oversimpli-
fied representations for the group constants are employed is not of major consequence. Any
refinement of the calculational techniques by a more elaborate description of the neutron
energy distribution will not, in general, affect qualitative relationships of the kind described
in the preceding sections.

However, it is known that reactor calculations which provide data on k off and flux distri-
butions are significantly affected by the number of energy groups used and by the methods
employed for determining the group constants. Techniques which are quite adequate for a
core geometry less complicated than that of the PWR have been found to be unsatisfactory for
calculations of a seed and blanket design.

Comprehensive analysis of the experimental data taken on the PWR Flexible Assembly
has been used to test various analytical procedures and to select the one giving the most con-
sistent agreement with experimental information. The procedure selected involves the use of
four-group diffusion theory, in which the group constants for the three fast groups are
obtained by use of the MUFT codes (see Appendix E), and in which the thermal group constants
are provided by the SOFOCATE code (see Appendix D).

(a) The Fast Group Constants. The few-group theory of neutron diffusion, which
forms the basis for the MUFT code, is described in detail in Volume I of this handbook. The
isotopic number densities that comprise a portion of the input for the MUFT calculation are
obtained by volume averaging the material concentrations in the core over the gross regions
of seed, blanket, and reflector. The input parameter, B, required by the MUFT code, has
been found to affect only slightly the value of k_g given by a reactor calculation.

(b) The Thermal Group Constants. It is well known that the neutron thermal energy
spectrum is hardened, i.e., weighted toward higher energies, by the strong energy dependence
of most thermal absorbers. The resulting neutron energy distribution is calculated by the
SOFOCATE code for neutrons in equilibrium with a homogeneous mixture containing monatomic
hydrogen undergoing thermal motion. The effects of absorbers having any arbitrary energy
dependence are described by the code. The code calculates macroscopic cross sections for

any mixture of isotopic constituents with water with the cross sections appropriately weighted
by the neutron energy distribution. The energy distribution is calculated for isotopic com-
positions identical with those used in obtaining the fast-group constants.

4.7 DETAILED CORE CHARACTERISTICS - TREATMENT OF LOCAL HETEROGENEITIES
The information obtained from the studies described in Secs. 4.4 and 4.5 above provides

most of the data needed for the development of the conceptual design. However, a number of

important factors must be analyzed. In particular, the effects of local geometric heterogeneity

must be examined because (1) these to a large extent determine the location and magnitude

of temperature hot spots; and (2) the heterogeneities affect the reactivity. Both problems

arise because of the relatively thick water channels separating the fuel assemblies. The
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thermal flux peak in the water channel increases the fiasion rate in the fuel adjacent to the
channel. Moreover, the thermal flux peak raises the average thermal flux in the water above
that in the fuel and, as a consequence, reduces the effective multiplication constant of the
region. The problem of power distribution is treated in this section, while the reactivity
effects are discussed in the following section.

Water channels are present in the PWR design for two reasons. First, there is a water
channel, approximately one-half inch thick, around each blanket fuel bundle and each seed
cluster to permit removal of individual fuel assemblies from the core structure. Second,
within each seed cluster there is a cruciform shaped water channel for the control rod (see
Fig. 4.2). This channel is one-half inch thick.

The effects on the thermal group flux distribution of local variations in core structure
were examined by assuming that these variations could be treated independently from the
somewhat smoother variations in flux caused by the finite size of the core and from the sub-
stantially different nuclear properties of the materials for the seed and blanket regions. This
separation of gross and local effects was accomplished by examining the thermal flux distri-
bution in a unit cell of an infinite medium, where the cell consisted of the fuel assembly and
its surrounding water annulus. One-group diffusion theory was employed to describe the
thermal flux distribution. The neutron source was assumed to be constant in each subregion
of the cell structure and proportional to the hydrogen density. The boundary conditions were
provided by the assumption that there was no net flow of neutrons across the cell boundaries.
Thermal group constants were obtained by use of the SOFOCATE code. One- and two-
dimensional calculations were made.

(a) One-Dimensional Calculations. The water channel peaking factors of principal
importance in calculations of core thermal performance can be described adequately only by
two-dimensional cell calculations which take into account the effects of the right angle inter-
section between two water channels. One-dimensional calculations, however, are of
considerable value in es:ablishing the degree of heterogeneity required in a two-dimensional
calculation to describe adequately the flux variations in the fuel assembly.

A series of one-dimensional calculations were made in which the geometric detail
explicitly represented was varied. The calculation represented a traverse normal to the fuel
plates of a seed subassembly. In one calculation only two regions were represented: the water
channel and zirconium end plate; and the fuel plates and coolant water channels. In the second

calculation four regions were represented: the water channel; the zirconium end plate; the
first water coolant channel; and the homogenized fuel and remainder of the coolant channels.
In the third calculation ten regions were represented: the water channel, zirconium end plate

and first coolant channel; the next four coolant channels; the first four fuel plates; the remainder

of the fuel and coolant channels homogenized. Figure 4. 13 shows the result of this study.

Figure 4. 13 indicates that the first calculation, namely separate homogenization of the
non-fuel bearing region and the fuel bearing region of the cell, is satisfactory for calculating
the thermal flux distribution. The peak-to-average flux is overestimated somewhat by this
method of homogenization, but this has been accepted as a factor of conservatism inherent in
the cell calculations for water channel flux peaking factors.

A flux peaking factor of interest in the thermal design is one found in an axial traverse of
a blanket assembly. This factor can be computed directly by a one-dimensional calculation.
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It results from the separation of the UOZ fuel in the blanket fuel elements into 9-1/4-inch
segments which are separated by one-inch-thick layers of Zircaloy and water that comprise
the blanket bundle tube sheet regions (see Sec. 4.3c). The results of this calculation are
illustrated in Fig. 4. 14.

(b) Two-Dimensional Calculations. Based on the results of the one-dimensional
analysis, two-dimensional cell calculations were performed to obtain the thermal flux distri-
butions in typical seed and blanket assemblies. The fuel bearing region was assumed to be
homogeneous in composition and surrounded by a homogeneous non-fuel bearing region which
included the large water channel and the metal wall structure. Figures 4.15 and 4.16 describe
the thermal flux contours provided by cell calculations for a seed subassembly and a blanket

fuel assembly, respectively.

4.8 DETAILED CORE CHARACTERISTICS - REACTIVITY AND POWER DISTRIBUTIONS

(a) Flux-Weighting of Thermal Constants. Because of the spatial variations in
thermal neutron flux resulting from the heterogeneous structure of the core, the average
thermal flux in the water moderator-is higher than that in the fuel. In other words, the relative
thermal absorption in fuel and non-fuel materials is equivalent to that in a homogeneous seed-
blanket reactor having a reduced quantity of fuel.

This effective reduction in neutron absorptions by the fuel would be calculated directly by
a two-dimensional reactor code which could describe the detailed core structure. However,
the two-dimensional code and computers presently available are incapable of allowing explicit
description of core heterogeneity for a system as large as the PWR.

In order to take into account the effects of heterogeneity on criticality and gross power
distribution, a technique utilizing the one-group, two-dimensional cell calculations for the
local thermal flux distributions was developed. The microscopic thermal-group cross sections
are modified by taking flux-weighted averages of these constants over the cell area. The
modified microscopic cross sections are then multiplied by the same volume -averaged atomic
number densities used in calculating the fast group constants. The result is a set of homo-

genized macroscopic thermal group cross sections which are used in the two-dimensional
reactor calculations.

The validity of this flux-weighting technique was evaluated for a seed-blanket configuration
made sufficiently small to permit trial by a two-dimensional calculation which explicitly
described the geometric heterogeneity. For the case examined, the values calculated for k..
and blanket power fraction were not affected by replacement of detailed geometric structure
with a combination of flux-weighted constants and a homogenized representation of the core.

Consequently, this technique has been used to provide the thermal-group constants used in
the refined two-dimensional calculations for the peak-to-average power generated in each
reactor region, and in one-dimensional calculations for the total power fraction generated in
each of these regions.

(b) Representation of Seed Clusters Having Control Rods Inserted. The presence of
control rods in particular seed clusters is described by the addition of a uniform thermal
poison to the constants which describe the rodded clusters. This technique is valid only to
the extent that the true neutron absorption in control rod material can be described as being a
thermal absorption effect alone. In the case of the hafnium material used in the control rods
of the PWR, it is known that a substantial fraction of the control effect is provided by the
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Fig. 4.15 - Two-Dimcnsional Thermal Flux Distribution in
Seed Calculated for Reference Design at Operating
Temperature. Distribution Normalized to Average
Flux in Fuel Region.
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Fig. 4.16 - Two-Dimensional Thermal Flux Distribution in Blanket Bundle.
Calculated for Reference Design at Operating Temperature.
Distribution Normalized to Average Flux in Fuel Region.
One-Quarter of a Blanket Bundle Shown.

resonance capture of epithermal neutrons. The extent to which two-dimensional calculations
for the power distributions would be altered by a more detailed description of the control rods
is not presently known.

(c) Peak-to-Average Power in the Seed and Blanket Regions. As indicated in Sec. 4.5,
the results of the two-dimensional reactor calculations are used principally to provide a
reasonable estimate of the radial power peaks to be expected in that section of the reactor
where the axial power shape is a maximum. Thus, the information presently used to predict
the flux distributions and the thermal performance of the reactor has been based in part on a
series of such two-dimensional calculations in which quadrant symmetry and various control

rod configurations were assumed.
(d) Core Power Fraction in Various Regions. One -dimensional radial flux distributions

obtained by adjusting the reactor to criticality with a uniform thermal poison added to the seed
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have been used to describe the fraction of power generated in each core subregion. This
follows the interpretation given to the results of one-dimensional reactor calculations as
presented in Sec. 4. 5.

(e) Reactivity Lifetime Calculations. Calculations for the keff of the core in its
clean condition, either cold or hot, are obtained by a two-dimensional calculation of the type
described above, with no control rods inserted into the core. The results of such a calcu-
lation is an eigenvalue which is interpreted to be the value for k off applicable to the core when
in the condition described by the calculation. The use of flux-weighted thermal constants and

three fast neutron energy groups appears to result in values for k,¢¢ Which are consistently
0.01 to 0.02 higher than the value obtained from critical experiments. These critical experi-
ments were all performed near room temperature using slab seed and blanket critical
assemblies (see Chap. 9, Sec. 9.32). A bias of this same order of magnitude has been
assumed to apply to the calculations for the hot reactor because no experimental information
is available which would provide the basis for a better estimate.

Calculations of reactivity lifetime could not be performed with the same techniques used
for the clean reactor. This analytical limitation resulted from the lack of a two-dimensional
depletion code at the time the detailed design of the reactor was being developed.

The most advanced reactivity lifetime code available for the detailed design of the PWR
was CANDLE (see Appendix C). The CANDLE code permits the use of flux-weighted thermal
group constants for a clean core calculation. However, since no obvious extension of the flux-
weighting technique was available to describe the change in local flux distributions with spatially
dependent fuel depletion, it was not possible to utilize the flux-weighting technique in the
reactivity lifetime calculations. Consequently, the reactivity lifetime of the reactor is calcu-
lated for a one-dimensional representation of the core with no allowance for the effects on
power distribution or k off of core heterogeneity.

Figures 4. 17 and 4. I8 summarize the results of a four-group reactivity lifetime calcu-
lation in terms of the variation of keff and blanket power fraction with lifetime. (It should be
noted that Figs. 4.17 and 4. 18 apply to the detailed PWR design while Figs. 4.9 and 4. 10
apply to early survey studies.) An improved estimate of the actual core life is obtained by
correcting the calculated values of ko¢p by the ratio of the koge's from hot, clean one-dimensional
calculations with and without flux-weighted thermal constants. An additional correction factor
is applied in estimating the core reactivity lifetime by recognizing that even the four-group
calculation with flux-weighted thermal group constants consistently overestimates the experi-
mental value for Koot by approximately 0. 02.

The result of applying these correction factors to the values of keff obtained from the
reactivity lifetime calculation is a core lifetime which is presently taken as the reference
value. The corrections reduce the lifetime shown on Fig. 4. 17 by the order of 2000 to 3000
hours.

In order to establish the thermal performance of the core as a function of reactivity life-
time, data must be obtained which describe the timewise variation of power fraction and gross
radial peak-to-average power ratio in each subregion of the reactor. The absence, at the time
of the detailed design study of the PWR, of a two-dimensional reactor code to describe expli-
citly timewise variations in isotopic composition necessitated the use of an approximate
method for obtaining the peak-to-average ratios.
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The method used was to divide the blanket into four regions. These regions were as
follows:

1. The outer row of 40 blanket bundles immediately adjacent to the seed.

2. The inner row of 24 blanket bundles immediately adjacent to the seed.

3, The outermost row of 28 blanket bundles.

4. The remaining group of 21 blanket bundles at the center of the reactor.

The first three blanket regions were made to correspond to an annular ring of blanket material
in the cylindrical one-dimensional model of the reactor by equating areas as in Fig. 4.5.
The central, cylindrical region was similarly made to correspond.

The isotopic composgition during lifetime in each of the four one -dimensional blanket
regions was averaged and this composition assigned to the corresponding two-dimensional
blanket region. The seed loading was similarly made equal in the two-dimensional case to the
one-dimensional depleted value. Thus at a given stage of lifetime, a two-dimensional model
of the depleted reactor could be set up using isotopic compositions from one-dimensional life-
time studies.

Two-dimensional, four-group diffusion calculations were then made of the depleted
reactors at various stages of lifetime "with various control rod configurations. The resulting
two-dimensional power distributions were used as the basis of the thermal design of the reactor
during lifetime.

As a partial check on this technique, one-dimensional calculations were made using the
region averaged isotopic compositions. These were compared to the original one-dimensional
results. The agreement was excellent for both reactivity and power generation in the sub-

regions.

4.9 REACTIVITY CONTROL
(a) Reactivity Control Requirements. Reactivity control for the PWR is required for

the following specific reasons:

1. Cold shutdown margin

2. Cold to hot reactivity change

3. Equilibrium xenon poison

4. Fuel depletion and stable fission product build-up

The cold shutdown margin provided by the 32 hafnium control rods in the seed clusters of
the reactor has been subjected to a special requirement: The reactor must be maintained in a
subcritical state in the extreme case of one control rod stuck in its fully withdrawn position.
Measurements made in the PWR mock-up indicate that the reference control rods will provide
this one stuck rod criterion. Furthermore, with all 32 rods fully inserted, the cold, clean
reactor appears to be shut down by approximately 0. 07 in keff'

The cold, clean reactor must provide a substantial amount of excess reactivity in order
that the k., of the core, which decreases with increasing core temperature, have a sufficiently
high value in the hot condition so that the required reactivity lifetime can be attained. This
cold to hot reactivity change, although associated with the temperature coefficient of reactivity,
is not related to that quantity in any simple manner. Since no experimental facility is now
available which would allow direct measurement of the temperature defect, its magnitude has
been estimated by calculating the total k ¢ of the clean reactor in the cold and in the hot con-
dition. The value for the temperature defect for the PWR is presently estimated to be between
0.035 and 0.040 in keff'
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The effect on ko pp of fuel depletion, plutonium build-up, and the build-up of the fission
product poisons has been determined by analysis of the one-dimensional reactivity lifetime
calculations. The variation of k g with reactivity lifetime as described in Fig. 4. 17 indicates
that the change in k off caused by the build-up of equilibrium xenon is approximately 0. 04. The
rate of change of keﬂ' with time caused by fuel depletion and stable fission product poison build-
up is approximately 0. 02 per 1000 hours of equivalent full power operation.

An estimate of the PWR reactivity balance, in terms of Ak ;. is as follows:

1. Cold shutdown margin 0.07
2. Cold to hot reactivity change 0. 04
3. Equilibrium xcnon poison 0. 04
4. Lifetime depletion 0.12

Total Akeff 0. 27

(b) Control Stability - The Temperature Coefficient of Reactivity. Extensive studies
have shown that a substantial negative temperature coefficient of reactivity is an extremely
important factor in providing over-all plant stability and ensuring safety of the reactor in the
event of certain types of accidents. Simulator studies of such accident conditions as loas of
coolant flow or the inadvertent addition of reactivity, particularly during reactor startup, have
shown the importance of the negative temperature coefficient in protection of the reactor.

For these reasons, the PWR has been designed to have a substantial negative temperature
coefficient at operating temperature. While no completely reliable method for calculating the
temperature coefficient has been developed, it has been estimated by calculating the k off of
the reactor at two distinet but slightly different temperatures. An estimate for this coefficient
in the hot reactor has been obtained. It is expected that the temperature coefficient of reacti-
vity for thc PWR will be between -2 x 1074 and -4 x 1074 in reactivity per degree I"ahrenheit
at the operating temperature of 525°F

(c) Contirol Rod Programming. Because the control rods represent localized regions
of high neutron absorption properties, the spatial distribution of the neutron flux will be
influenced by the control rod arrangement. Thus a relationship exists between the control rod
configuration at any time and the thermal capability of the reactor. A method for determining
this effect of the control rods on the flux distribution and consequently on the thermal perform-
ance of the core has been discussed in Sec. 4. 8.

As a result of such studies, an optimized control rod programming sequence was estab-
lished which provided for the sequential withdrawal of several groups of rods, one group at a
time, in order to make up the continuing loss in reactivity which accompanies power operation

of the reactor.
The order of withdrawal of control rod groups can be described as follows: On Fig. 4.1

designate the seed clusters on one side of the seed by numbering them 1 through 7 starting
with the end cluster. Designate the inset cluster as No. 8. The clusters in the other sides
are similarly numbered up to eight. The order of withdrawal is as follows:

Groupl - l6rods - Nos. 1, 3, 5and 7

Group 2 - 8rods - Nos. 2and 6

Group 3 - 4rods - No, 4

Group4 - 4rods - No. 8
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It is expected that hot, clean criticality will be reached with Group 1 almost full withdrawn.
In power operation, with xenon present, Group 2 would be partially withdrawn. The remaining
groups would be withdrawn as required for depletion and poisoning compensation.

An alternate mode of control rod operation which was considered for the PWR design
involved the simultaneous motion of all 32 rods. This type of control, called banked rod con-
trol, maintains all rods at the same axial position. For the PWR it was found to provide less
favorable values for thermal performance than the sequential type of programming which was
chosen.

(d) Flux Tilting. Because of the relatively large dimensions of the PWR, compared
to the average distance a neutron can travel during its lifetime, it is possible that different
regions of the reactor could, under certain conditions, behave like small, independent reactors,
each with its own potential for a sustained, steady-state chain reaction. This loose coupling
of the different sections of the core makes possible a spatial unbalance of the neutron distri-
bution. In particular, an azimuthal variation in flux level around the seed is possible. Any
tendency of the reactor power level to tilt must be avoided since this would be prejudicial to
maintaining rated power output within design temperature limits.

A flux tilt might arise because of structural or compositional differences among the fuel
assemblies, because of a non-symmetric distribution of coolant temperatures in the core,
because of an asymmetric arrangement of the control rods, or because of different levels of
xenon poisoning around the reactor. From the results of experimental and analytical studies

of this problem, it was concluded that non-uniformities among the manufactured fuel assemblies

were not great enough to produce a measurable tilt. The possibility of tilting caused by other

factors, however, does remain and must be controlled.
The principal problem in controlling flux tilting is detecting the presence of the tilt. In

the PWR this problem has been met by locating suitable neutron detectors at symmetric
positions around the periphery of the pressure vessel and by including thermally instrumented
fuel assemblies in the core. It is expected that relatively small control rod motions will

remove any flux tilts which develop.

4.10 LONG TERM REACTIVITY CHANGES

Long-term reactivity changes in material high in U2
several reasons. First, there is a lack of detailed information on the absorption and fission
cross sections of various isotopes, particularly in the thermal and epithermal region. Second,
the calculation of the neutron distribution in energy at various positions in the reactor is very
difficult. The problem is outlined here to the extent that it is presently understood.

The production of Pu239 in the blanket compared to the rate of destruction of 0235 varies
with location in the blanket because the ratio of fast to slow neutron flux varies spatially. This
variation arises from the over-all flux distributions between seed and blanket and because of
local heterogeneities.

(a) The Conversion Ratio. The conversion ratio (C. R.) is defined here to be the ratio
of fissionable material production rate at a certain point to the fissionable material destruction

rate at that point. If the Pu24o concentration is low, this ratio for the PWR blanket may be

38 content are not well understood for

written

Absorption of neutrons in UZ3B

538 Eq. (4.2)
Absorption of neutrons in U + Absorption of neutrons in Pu

C.R. = Pk
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35 239

and Pu occurs at thermal energies.
38. both at thermal energies and in the

It is assumed here that essentially all absorption in Uz
Production of 13'1123'9 A
epithermal Uz‘,'8 resonances.

The conversion ratio for the clean reactor may then be more simply expressed as

arises from neutron capture in U

28 .28 ,_T 28
pUZZ T + (1 - p%O)

C.R. = 28,25, T
PTIET/EY)

Eq. (4. 3)

In this expression the symbols have the following significance: The resonance escape prob-
ability, pza. describes the fraction of neutrons entering the blanket region above the U238

resonances which are slowed to thermal before capture, and z:is. Eis, and Z: are the macro-
scopic thermal absorption cross sections in U235, Uz38. and all materials, respectively.

The argument used in deriving Eq. (4. 3) is the following. Leakage of neutrons in the
resonance and thermal region is neglected. For every fast neutron entering the blanket, a
fraction (1 - pzs) is captured in U238

fraction £23 /27 ig absorbed in U%33
a ' 2239

resonances, and pZB neutrons reach thermal, where a
, and a fraction Eislzz is absorbed in U238, In the
clean core no Pu is present, and Eq. (4. 3) follows directly from the definition of conversion
ratio.

For a simple analysis, Eq. (4. 3) offers the advantage that conditions of criticality and
neutron leakage need not be considered. Insertion of the hot clean values for the PWR blanket
gives a value for the conversion ratio of approximately 1.13. Almost half of this conversion
is due to capture in U238 at thermal energies.

The conversion ratio calculated by Eq. (4. 3) is essentially the asymptotic value for the
blanket material., Where there is a strong neutron leakage, either inward or outward, the
conversion ratio will differ from that predicted by Eq. (4. 3). In particular, near the seed-
blanket interface and in the blanket agsemblies close to the 1/2-inch-thick water channels the
value of conversion ratio is substantially lower than the average value calculated for a homo-
genized blanket region. This is graphically illustrated in Fig. 4.19 where the conversion ratio
is plotted as a function of position in the blanket of a slab core of seed and blanket material.
The reactor is composed of one row of seed clusters with two rows of blanket bundles on each
side. The constants are representative of the PWR reactor in its hot, clean condition.

Calculations of the blanket conversion ratio based on data obtained from reactivity lifetime
calculations indicate that the average value of this quantity becomes smaller as the blanket is
irradiated, and falls from its initial value of 1.13 to about 1. 00 after 3000 equivalent full power
hours of core operation.

The homogenized average conversion ratio is computed implicitly in the reactivity lifetime
calculation. To the extent that the isotopic cross sections for the important materials are
known, a first estimate of the reactivity effects to be expected from irradiation of natural
uranium has been included in the results summarized by Figs. 4.17 and 4.18.

(b) Effects of Plutonium Build-up on Power Peaking Factors. In the hot, clean
reactor the local distribution of power in a blanket assembly is peaked at the corners adjacent
to the water channels. The information in Fig. 4.19 implies that the effect of plutonium build-
up might be a reduction in magnitude of that flux peak, since the conversion ratio is highest at
the center of the assembly where the power is at a minimum, while the depletion of 0235 will

be greatest at the initial location of the power peaks. However, since the local production rate
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of P1:1239 is given as a product of local conversion ratio times the fissionable material burnup
rate, the peak-to-average power in the assembly may actually increase with time. No detailed
analytical investigation of the time-varying peaking factor has been made for the PWR.

4.11 EVALUATION OF EXPERIMENTAL RESULTS

The PWR reactor design was supported by a complete mock-up type critical facility, the
PWR Flexible Assembly. This facility and the experiments are described in Chap. 9, Sees. 29
through 31. The results of the program of studies with slab reactors and a full-scale mock-up
reactor are summarized in Sec. 9. 32. Rather than repeat these results, some comments will
be made by way of summary and evaluation.

(a) Criticality Studies. Criticality studies were made of various slab reactor arrays
with varying amounts of blanket. In addition, criticality studies were made of the full-scale
mock-up. These criticality studies were made with no control rods in the core; criticality
was achieved by dropping the moderator height to an appropriate value. The effective axial
buckling was determined by an axial flux traverse. In the case of the slabs, the transverse
buckling along the length of the slab was also determined by a flux plot.

With these data the design type calculation was tested to find the eigenvalue predicted for
the experiment. The material inventory of the particular reactor was used to determine the
reactor parameters. The MUFT calculation was performed to obtain the fast-group constants.
The thermal-group constants were determined by the flux weighting technique described in
Sec. 4.8a above, together with the use of the SOFOCATE code to determine the appropriate
spectral averages.

The few-group constants determined in this way were then used in either a one-dimensional

or two-dimensional spatial integration, depending upon the nature of the reactor, i.e., slab or
full mock-up. The calculations were performed in both two-group and four -group models.

The four-group calculation for the keff of a critical reactor composed of PWR mock-up
materials resulted in a value which ranged from 1,01 to 1. 02 rather than the critical value of
1.00 (see Table 9. 28). The value of keff for the corresponding two-group case was typically
1. 04 rather than 1.00. This bias did not appear to be associated with any random error in
the experiment but was probably a systematic error associated with the theoretical model.

As a consequence of these results it is assumed in PWR design considerations that a
four-group calculation of the reactor properties will overestimate the kef! by about 2 per cent.

(b) Excess Reactivity Measurements. The experimental technique for measurement

of the excess reactivity of a reactor by the differential water height technique is described in
Chap. 8, Sec. 19. The results obtained are given in Chap. 9, Table 9. 28.

The interpretation of the excess reactivity experiment involves the use of the inhour

equation. Thus, total yield of delayed neutrons and partial yields at various periods are
involved in this method. Because of the uncertainty in these yields, the interpretation is
ambiguous (see Sec. 8, 23).

The excess reactivity of the PWR mock-up reactor as predicted by the design calculation
was 17.3 per cent. The values of the excess reactivity measured on the full-scale mock-up
was either 16.3 per cent or 17.5 per cent, respectively, depending upon whether Keepin's data
or Hughes' data on delayed neutron fractions were used.

(c) Shutdown Measurements. The technique for determination of the reactor shutdown

was primarily the negative buckling technique described in Chap. 8, Sec. 21. While the rod
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drop technique and the rod drop calibration method were used to a certain extent, principal
reliance was placed on the data obtained by the negative buckling technique. The results
obtained by the other methods agreed sufficiently well with the negative buckling results, so
that it was clear that no serious disagreement existed. The negative buckling technique was
sufficiently reliable that on certain experiments in which small changes in the reactor material
buckling were made which affected the excess reactivity, a corresponding change in shutdown
reactivity was observed.

The shutdown provided by the control rods used in the mock-up was about 8 per cent in
reactivity (or about 7 per cent in keff)' The control rods used were made of 30 w/o cadmium,
70 w/o silver, and had the same span as the hafnium control rods used in the design core.
Their thickness was 0. 250 inch rather than the 0. 220 inch thickness of the hafnium rods. Ina
separate series of experiments, the hafnium rods were compared with cadmium-silver rods,
considered either as individually programmed rods or in a banked configuration. It was found
that the hafnium rods were worth no less than the cadmium-silver rods used in the mock-up,
and possibly were worth more by as much as 3 per cent of their total worth.

(d) Control Rod Worth Measurements. It should be pointed out that no attempt was
made to specify the PWR control rod span by analytic techniques. Instead, an estimate was
made early in the conceptual design stage of the control rod span required. This size was
then modified somewhat to be as large a span as could be accommodated with mechanical con-
venience on the design. The detailed mechanical design and the full-scale mock-up construction
proceeded on the basis of this span size (3-3/8 inches).

For nuclear design purposes the control rod worth was taken to be a thermal poison which
was distributed uniformly over the seed cluster containing the control rod. The value chosen
for this poison represented an appropriate shutdown condition for the cold reactor. The value
of this macroscopic poison absorption cross section was 0.05 cm “1 in the cold condition.

In the mock-up studies of the reactor shutdown, the negative buckling technique yielded
values for the homogenized thermal poison worths of the control rod bank. The values
obtained varied between 0. 04 and 0. 05 em”L.

A direct experimental determination of the thermal poison equivalent of the control rods
was also made. Boron loaded plastic tapes, distributed throughout the seed region in as uni-
form a fashion as possible, were substituted for the control rods. The quantity of boron
required to provide the same control as that provided by a single isolated control rod was
determined, as well as the quantity required to represent the same rod in a banked rod con-
figuration. These experiments were difficult to interpret because of the heterogeneous nature
of the experiment and the difficulty of distributing the poison uniformly. The values of Z P’
the homogenized macroscopic boron thermal absorption cross section obtained in these experi-

3 for

ments, were approximately 0.040 em”! for the single isolated control rod and 0,044 cm”
the control rod in a bank. The estimated uncertainty in these results is about 15 per cent.
The conclusion to be drawn from these results is simply that the chosen control rod span
was approximately correct, since it gave the desired design properties.
(e) Conversion Ratio Measurements. Measurements of the conversion ratio in the
blanket of the cold mock-up reactor were performed, using the technique described in Chap. 1,
Sec. 14. The spatial variation and magnitude of the measured conversion ratio agreed quite

well with a one-dimensional four-group calculation which described explicitly the water channel
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between the seed-blanket interface. A one-dimensional homogeneous calculation which
homogenized the water channel into the seed and blanket gave an average value of the
conversion ratio that agreed fairly well with the experimental result. A two-dimensional
four -group calculation gave results approximately 5 per cent higher than the experimental
values of the conversion ratio. The reasons for this disagreement between the one- and
two -dimensional calculations are not known.

(f) Measurements of Gross Flux Distribution. Experiments on over-all flux distri-
bution are, at present, preliminary in nature and no definite conclusions can be drawn. Some
experiments have been performed on the mock-up in an attempt to compare the over-all gross
flux distribution hetween the seed and the various blanket orificing regions. These experiments
indicated that the ratio of power between seed and blanket was predicted by a homogenized
calculation within an uncertainty of approximately 20 per cent. This large uncertainty was
associated with the difficulty of comparing the measured heterogeneous flux distributions with
the homogeneous calculation. The distribution of power between the various blanket regions
could be determined with somewhat better precision than could the seed-blanket power sharing
since, to a first approximation, the heterogeneous blanket flux shape is a superposition of a
homogeneous distribution and a blanket cell distribution. The experimental results indicated
that the simplified two-group technique of calculation used in the earlier nuclear design work
did not adequately describe the way in which the power fell off in regions remote from the seed.
These calculations predicted a more rapid attenuation of the power level away from the seed
than the experiment indicated. The four-group calculations agreed more closely with the
experimental data in this respect. Thus, as far as can be determined at present, the use of

four-group calculations appeared necessary to provide a proper description of the general
behavior of the blanket power distributions in regions remote from the seed.

4.12 SUMMARY OF DESIGN

The PWR reactor has a fuel loading of 75 kilograms of U in the seed region. With this
fuel loading, the reactivity lifetime of the reactor is estimated to be approximately 6, 000
equivalent full power hours. The calculations indicate that somewhat over 50 per cent of the
total power will be developed in the blanket. Based upon the calculations and the analyses of
the experiments for the cold mock-up reactor, the excess reactivity of the cold, clean core is
estimated to be approximately 17 per cent. The control rods are estimated to shut the reactor
down by 7 per cent in k off" The calculations indicate the value for the temperature defect of
the reactor is 3. 6 per cent in K ¢, and that the reactivity loss due to the build-up of equilibrium
xenon is 4 per cent in keﬂ“ The loss in keff due to the effect of fuel depletion and stable fission
product poison build-up can be determined by differences to average two per cent per 1000 hours
of full power operation.

The temperature coefficient of reactivity for the PWR at operating conditions has been
calculated by the method mentioned in Sec. 4.9b. The temperature coefficient obtained was
-3x107%/°F,

It should be noted that these results represent the best estimates of the characteristics of
the first PWR core approximately six months in advance of operation.

235
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Part 1l

TECHNIQUES OF REACTOR PHYSICS
EXPERIMENTATION

This portion of the Handbook describes the methods used in reactor physics experimen-
tation. The techniques of reactor physics experimentation are in essence the techniques of
exponential and critical experiments. At both Bettis and KAPL the critical experiment has
been used exclusively. Some important work with slightly enriched uranium reactors moder-
ated with ordinary water has been done at Brookhaven, using an exponential experiment.

In Chap. 8 a general description of critical experiment design for water moderated
reactors is presented. The requirements of the experiment from both a functional and safety
point of view are given. Following this discussion the techniques of experimentation are
described in a general fashion. In Chap. 9 a description of certain critical facilities is given
as well as the manner in which they have been used. The specific features of the DCTF
(Danger Coefficient Test Facility), the STR-CA (Submarine Thermal Reactor - Critical
Assembly), the TRX (Two Region Critical Experiment), the SFR critical experiment, the SAR
critical experiment, and the PWR critical experiment are described. Typical experimental
data are included in the presentation to clarify the discussion.

Chapter 10 is a geheral discussion of the techniques of flux mapping in critical assemblies.
The problem of flux mapping of reactors is of such importance in critical experiment work,
and has required such extensive development, that an entire chapter has been devoted to it.

Chapter 11 presents the techniques used in measurement of resonance escape probability,
fast fission factor, and thermal utilization. These parameters are of particular significance
in slightly enriched reactors. Considerable effort has been necessary to bring these measure-
ment techniques to their present state of development.
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Chapter 8

CRITICAL EXPERIMENT DESIGN AND TECHNIQUES

GENERAL DESIGN FEATURES OF WATER
MODERATED CRITICAL ASSEMBLIES

by F. J. Jankowski

8.1 INTRODUCTION
Critical assemblies have proved to be important tools for the design of power reactors.

. The most important requirements of a critical asgsembly for reactor design purposes are

safety, flexibility, and ease of operation. While cost is an important factor, it must be con-
sidered in the light of various choices open to the nuclear designer.

In critical experimentation for the design of pressurized water power reactors, the use of
water at atmospheric pressure as the critical assembly moderator is extremely attractive. It
meets the requirements of safety, flexibility, and ease of operation. Because of the importance
of water, this chapter will be devoted exclusively to a discussion of techniques of water
moderated critical experiments.

The nuclear properties of water at elevated temperatures are significantly different from
those of water at room temperature. Water moderated critical assemblies operated at
atmospheric pressure are, however, limited in the temperatures to which the water may be
heated. To overcome this difficulty, ways have been sought to simulate the elevated temper-
atures at which pressurized water reactors are operated. These attempts include the use of
other liquid hydrogenous moderators such as furfuryl alcohol and plastics. The differences in
critical experiment design for the use of other hydrogenous liquids are slight. Some of the
features of plastic-moderated critical assemblies are covered in Chap. 9.

8.2 CRITICAL EXPERIMENT CORE DESIGN

Critical experiments may be considered to fall into three classes. The first type is
essentially a proof test of a manufactured design; in this type of experiment a great deal of
attention is given to duplication of the design details of the power reactor. Such experiments
require the least degree of flexibility. The next class is the mock-up type which must be a
good approximation to the nuclear design of the reactor, but which sacrifices detail for
flexibility. Finally, there is the clean critical type of experiment in which geometrical

379
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simplicity and homogeneity are important factors. The functions of these classes of experi-
ments are quite different. The clean critical experiment is used to provide basic information
about the reactor. The mock-up permits full scale design studies while the design is under-
going changes. The proof test reactor is a final test of the fully developed design. In many
cases a facility must be designed to permit either mock-up or clean critical work. The proof
test reactor may be bypassed through use of special subassemblies in the mock-up.

The factors for which design flexibility must be provided are:
core size
core geometry
fuel loading
metal-to-uranium loading
metal-to-water ratio
cell size (for natural and slightly enriched reactors)

7. control rod size and location
Depending upon the particular reactor, some of these quantities may be relatively fixed while
others are relatively uncertain. The flexibility to be provided for each factor must be con-
sidered in making the mechanical design.

Safety requires that the design provide for adequate strength of the core and its components.
Rigidity is required so that unaccountable variations in reactivity will not occur to prejudice
an experiment. The possibility of air entrapment in the core should be considered. This can
be a troublesome source of reactivity fluctuations. When studies are to be made at varying
temperatures, the circulation of water through the core must be considered in fixing the
mechanical design.

Protection of the core elements from corrosion is, in some cases, a problem in water
moderated reactors. Generally speaking, the problem is that of avoiding contamination of the
water by radioactivity, While corrosion by cold water is not as serious as that by hot water,
the general problem must be considered in choosing a fuel element design. Uranium and some
uranium alloys are particularly subject to corrosion. These materials can be protected by
cladding with plastic such as polyethylene. The cladding is a hydrogenous substance similar
to water, and therefore does not affect the core greatly. Foreign metallic platings not present
in the power reactor such as nickel, lead, tin, or zinc may be used if the total amount is kept
low. Metals have also been protected by jacketing. Aluminum jacketing of uranium, and
aluminum and zirconium cladding of their respective alloys have proved feasible. Anocther
important consideration in cladding, plating, or jacketing is reducing the contamination of
water by recoil fission products.

Safety considerations require that two ranges of shutdown must be provided in a critical
experiment. The first, generally obtained by control rods, enables the reactor to be shut
down with some adequate margin of reactivity, for example 5 per cent. The second range,
the so-called safety shutdown, permits major modifications to be made in the core. In water
moderated reactors, safety shutdown is achieved by draining the liquid. In designing the core,
however, care must be taken to limit the amount of plastic because this can limit the available
range of safety shutdown. In plastic moderated cores, safety shutdown is achieved by
separating the core into two or more sections.

To obtain the desired degree of flexibility in the reactor core, a modular type construction
is generally used. The fuel and structural material is assembled into units of 1 by 1 inch,

Pomuer
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2 by 2 inches, or some similar dimension. The length of the unit is generally the height of
the core, but this can also be built up of fractional lengths. These units, or subassemblies,
are made up in an area outside the reactor assembly room (the staging area) and are loaded
into the core as needed. By having an excess of subassemblies available, it is possible to
start modification on a core while critical experiments are continuing,.

The size of the module to be used is primarily determined by the features of the reactor
to be built. The size of the reactor, the nature of the variations which must be made, and the
dependence of the nuclear properties upon the fine structure of the core are important con-
siderations. Small modules have the advantages of greater flexibility in core geometry,
greater freedom in location of control rods, and lighter and more easily handled subassemblies.
There are, however, more pieces to be handled; and core rigidity may be a problem. The
larger modules may sometimes permit a better approximation to the reactor design than the
small modules.

8.3 CONTROL RODS

The design of the control rod depends on the type of critical assembly being built. A
clean critical, where it is desired to have no perturbations from rods, rod guides, or rod
channels, requires a special type of control rod. For this purpose, there are a number of
possible designs. One is a thin blade or cross-shaped rod that fits between the fuel assemblies
or in the moderator channels. Another, is to have the control rod displace fuel from the core.

In the mock-up critical assembly the control rod is similar in shape and size to that
planned for the final reactor. The reactivity worth of a control rod depends on the rod mater-
ial, size, and location as well as on the fuel loading of the core and on the neutron spectrum
in the core. At the present time, it is difficult to predict the worth of a control rod with
accuracy. For this reason, substitute rod material may be used in a mock-up assembly for
preliminary studies, but the actual rod materials should be used for final gssemblies.

A number of materials are available for use as control rods. Perhaps the most conven-
ient and suitable is cadmium, which is enclosed in aluminum or stainless steel sheets.
Another possible material is boron in stainless steel, or boron in carbon steel, protected by
a plating or cladding. A third possible control material is boral, a matrix of boron carbide
in aluminum with aluminum cladding. Still another, which is frequently used as a substitute
for hafnium, is an alloy of cadmium-silver.

Various provisions have been made for the control rod guides. In some reactors, the
fuel assembly boxes provide the guide surfaces. In others, channels of the core structural
material contain the rods. Where full length guide channels are not incorporated in the core,
bearings must be provided. These may be made of polyethylene, nylon, Teflon, or metal.
The control rods and guides are always made long enough so that the top section is within the
topmost guide when the rod is down, and the rods do ntt pull out of the guides when in the
fully withdrawn position.

8.4 CONTROL ROD DRIVES AND POSITION INDICATORS

The design of the control rod drives should take into consideration the purpose of the
control rod, i.e., whether it is for safety, for control, or a combination of the two. This
will determine whether the rod is normally full in or full out, and whether its position must
be adjusted accurately. A rod used exclusively for control would not require a scram mech-
anism. Critical experiments have been designed and operated with both single-purpose and
dual-purpose rods.
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The mechanism for withdrawing the control rod may be of several forms. It may be a
lead screw device, a rack and pinion, a friction drive, a cable device, or it may be pneu-
matically or hydraulically operated. The rack and pinion method has certain distinet
advantages. The engagement is positive so that rod position indication may be derived from
the rotating shaft. The drive can proceed in either direction; that is, the pinion gear can
drive the rack or the rack can drive the pinion gear. This allows the engaging mechanism
to be located on the rotating shaft. The rack and pinion mechanism has been used on a
majority of assemblies, although some have used cable drives. Safety rods must have a quick
release mechanism. In critical assemblies this may take the form of an electromagnet which
supports the rod, or magnetic clutch which engages the driving gear of a rack and pinion
drive. By disconnecting the power to the magnet or clutch, the rod falls freely into the
reactor.

The electromagnet type of pick-up, where the rod itself is supported by the magnet, may
be used with any of the withdrawal mechanisms mentioned. This type of device has the
important advantage that, when disengaged, the rod falls entirely free. There are some
significant disadvantages, however. The drive must be driven down to pick up the rod. The
rod position indicator is usually attached to the drive and shows the position of the drive
rather than the position of the rod. The latter disadvantage can be overcome in part by an
indicator which shows when the rod is latched.

The magnetic clutch type of latch can be used with the rack and pinion, the friction, and
the cable drives. It has the advantages of providing a drive that can pick up the rod immed-
iately after a scram. The rod position indicators may be located on the rod side of the clutch,
giving a continuous indication of rod position. The disadvantages are not serious. The mag-
netic clutch adds the inertia of half the clutch to the rod inertia, which limits scram speed.
However, this rotational inertia is usually very low. During a scram the pinion gear is always
engaged, and there is the possibility of the gear binding or of material catching in it. This
may be avoided to a large extent by careful mechanical design. The magnetic clutch has been
widely used on critical experiment control rod drives.

The pneumatic type of drive may be applied to safety rods, but it has not proved useful
for control rods because an initial pressure must be built up to overcome the friction of the
piston. This leads to jerky rod motion and can cause difficulty in fine positioning of the rod.
There are now commercial units available, combining pneumatic drives with hydraulic
damping cylinders, which might eliminate this particular difficulty. Hydraulic cylinders may
be used directly as rod drives. The pneumatic and hydraulic drives may be used with the
electromagnet pickup or may be connected directly to the rod. In the latter case, the drive
would be designed for a fast rod insertion rather than gravity fall. This could be done by
using a double acting cylinder with moderate pressure applied to the top section at all times.
Rod position would be controlled by varying the pressure in the lower cylinder above or below
that of the top cylinder. Scram would be induced by removing the lower cylinder pressure.

Pneumatic power has been used for driving safety rods, but neither pneumatic nor
hydraulic power has been commonly used for operating control rods. In most cases, control
rods for critical assemblies are powered by direct-current motors with worm gear speed
reduction. Worm gears are preferable to spur gears because they are usually stronger, have
greater torque ratings, and cannot be driven by the motion of the rod as can spur gears.
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Variable speed is usually a desired characteristic of a rod drive to give flexibility of operation
and accuracy of positioning. This has been accomplished by the use of direct-current motors
with electronic power supplies or selenium rectifier direct-current supplies from a variable
voltage transformer.

For safety reasons, the power supply for rod drive motors is designed to operate a
single rod. If more than one rod is connected, the power supply is incapable of the necessary
output. Thus, the rods are driven at reduced speed, or will not move at all. In this way, the
safety limit set on the rate of change of reactivity will not be exceeded.

A shock absorber is required to stop an unlatched rod that is falling freely. Oil -filled
automobile shock absorbers have been adapted for this purpose. An oil-filled dashpot designed
into the rod drive serves equally well and occupies less space. Dashpots which depend on the
moderator water for their action are not desirable because they require water in the assembly
for testing. This would complicate safety rules during check out.

The position indicator incorporated into the rod drive unit will depend on the purpose of
the particular rod, the design of the reactor, and the information desired from the critical
assembly. Although purely mechanical position indicating devices can and have been used in
some critical assembly work, the more satisfactory position indicators are remote electrical
devices. A-c selsyns, d-c selsyns, linear potentiometers, rotating potentiometers, and
multiple indicating lights are all possible position indicators. Of these, a-c selsyns have
proved very adaptable and reliable, and have been used on the majority of the rod drives.

A single pair of selsyns (transmitter and indicator) has been used on some drives. In
this case the pair is used with a two-hand, geared indicator: One hand indicates the coarse
position of the rod, making one or less revolution for the full travel of the rod, while the
other hand indicates the fine position, making one revolution for each inch or each centimeter
of rod travel. With the single indicating selsyn the units must have sufficient torque to drive
the gear train. A single selsyn pair has also been used with a digital indicating device such
as a Veeder Root counter. Such a drive is not as desirable because the rod position is not as
quickly apparent to the operator as it would be from hand indicators on a dial.

The single pair selsyn system has a drawback in that the transmitting selsyn makes a
large number of revolutions for the full rod travel and, depending on the design of the system,
the transmitting selsyn or the receiving selsyn may not follow during a rod scram. This leads
to the requirement that a method be provided for resetting the zero on the rod position
indicators. On a reactor having a large number of rods, this can be an undesirable feature.

The most commonly used indicating system uses two pairs of selsyns to indicate the
position of a rod. One pair makes one revolution or less for full rod travel, giving a coarse
position indication; the other pair makes one revolution per inch or per centimeter of rod
travel, thus giving fine indication. In this case, the fact that the selsyns will not follow a
scram is not important (when two-pole selsyns are used), since they return to zero after the
rod drop is complete. To date, a fine selsyn indicating to the nearest 0. 01 inch has been
satisfactory. With higher fuel loading and larger reactivity per unit control rod travel,
however, there is a growing Beed for more accurate rod position indication.

One problem that should be recognized in designing a position indicating system occurs in
designs in which a selsyn makes many revolutions during the full rod travel. When the rod
is stopped by the shock absorber during a scram, the rotating selsyn will also be stopped
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suddenly, subjecting the selsyn shaft to abnormally high torque loads. This may be alleviated
by a rubber coupling to the selsyn shaft, or by a magnetic coupling that can slip under high
torque.

The stress problem with the selsyn shaft can, in principle, be alleviated by connecting the
fine position selsyn, or both selsyns, on the drive side of the magnetic clutch. This solution
is not recommended because it raises the new problem of zero of position indication. Further,
it removes from the operator knowledge of the rod position following a scram.

For safety rods that are used only in the "in'" or "out'' position, a coarse indicator alone
is satisfactory. For safety reasons it is desirable to know where the safety rod is located.
Therefore a safety rod should not be operated without some position indicator built into its
drive unit.

8.5 NEUTRON START-UP SOURCE

The neutron source used for approaching criticality must be intense enough to produce
counts on the nuclear instrumentation when the reactor is completely shut down. Within this
limit the intensity should be as low as possible to reduce the biological hazard to personnel.

A source having a low gamma activity, such as polonium-beryllium, is usually used in critical
assembly work.

A critical assembly, in contrast to other forms of reactors, is one in which frequent
changes are made. New loadings, geometries, and control rod configurations are introduced
at frequent intervals. The source is useful not only for start-up but also for safety in loading
the core. The neutron leakage, and therefore the multiplication, can be measured continuously
during core loading, or it may be measured periodically after each stepwise addition of fuel to
the core. While continuous monitoring is to be recommended, it exposes the workers to
greater radiation than does the periodic measure of multiplication,

For start-up purposes, if the source is used within the core, one curie of polonium in a
polonium-beryllium source has been found satisfactory. This source has a total neutron flux
of approximately 2.5 x 106 neutrons per second. Because of the decay of polonium, it is cus-
tomary to obtain a source approximately 10 curies in strength, and to use it until it is below
the one curie level (slightly over 1 year). For critical assemblies, where the source is brought
up to the core rather than introduced into the core, the effectiveness of the source is reduced
by a factor of 5 to 10 or more, and stronger sources are therefore required. For such appli-
cations it has been customary to use sources with initial strengths of 20 to 30 curies. Because
these sources do not enter the core, they can be physically larger and, therefore, may be
more efficient neutron emitters.

Polonium -beryllium sources are commonly contained in stainless steel or nickel capsules
that are sealed by nickel plating. A standard, easily obtainable source is cylindrical in shape,
0.7 inch in diameter and 0. 7 inch long. A source of this size cannot be inserted into a reactor
core easily, but it is useful for start-up when applied at the surface of the core. Sources may
be cbtained in special capsules made to customer specifications. A source commonly used for
reactor start-up is cylindrical in shape, 0.225 inch in diameter with an over-all length of
1. 25 inches. The source proper is in a 1-inch section of this length; the remaining length is
a ball-shaped section which permits a ball and socket connection to be made to the source
drive mechanism. Such a small source is easily introduced into the reactor for start-up.
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A small source is desirable, but there is a lower limit to source size for a given neutron
intensity. As sources become smaller, the amount of beryllium present becomes smaller,
and the self-absorption of alphas in the polonium increases. Table 8.1 gives a rough indication
of how the source efficiency varies with the density of polonium in the source. The year of
source manufacture is also given in this table because there is some indication that, in recent
years, improved manufacturing techniques have increased the efficiency of sources.

Table 8. 1--NEUTRON EFFICIENCIES OF
POLONIUM-BERYLLIUM SOURCES

Source Density,

Curies of Polonium per Source Efficiency, * Year of
cc of Source Volume percent Manufacture
13 87 1956
40 80, 85 1956
41 78 1955
40 62 1952
100 30 1952

* 100 percent efficiency is equivalent to 2. 85 x 106 neutrons per second
per curie of polonium.

8.6 SOURCE DRIVE MECHANISM

In critical assembly work the operating power level is so low that the source used for
start-up will have a strong effect on the behavior of the assembly. It is, therefore, necessary
to remove the source during critical operation. To obtain the maximum effectiveness from the
source neutrons, it is desirablec to locate the source within the core, preferably close to the
center. As already noted, where it is difficult to find physical space for so locating the source,
it is brought to the surface of the core.

If the source is used for reactor start-up only, and is not part of the experiment, it is
necessary to provide only coarse position indication for it. Location of the source to within
one-half inch may be sufficiently accurate. This precision can be provided by a single pair of
selsyns.

A shielded container for withdrawing the source should be provided. This provides pro-
tection for personnel working near the reactor when it is shut down, and minimizes the effect
of the source on the reactor during operation.

Drive units of the type described for control rods may also be used as source drives.
Another possible type is a flexible cable that pushes the source through a tube. The source is
always fixed to the drive, since latching and scram devices are not required as with control
rods.

The speed at which the source is driven is subject to fewer limitations than is the speed of
a control rod drive. If insertion is too rapid, a power rise may result and that may initiate a
scram. However, this is not a hazardous situation. The condition can be controlled by
intermittent driving of the source, or by use of a variable speed source drive. Both systems
have been used. Twelve feet per minute has been found to be a convenient source speed for
several critical assemblies.

Limit and interlock switches are incorporated into the source drive. Whenever possible
these operate from the source, or the source holder, in order to minimize the possibility of
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actuating these switches when the unit malfunctions. The limit switches operate at each end of
the source travel; the interlock switch provides greater latitude if it allows the operation of
the reactor controls when the source is within a designated region. Typical permissive
regions may be within the core or within the central third of the core.

8.7 NUCLEAR INSTRUMENTATION

The instrumentatior for a critical assembly may be divided into two general classifications:

That used for operation and safety, and that used for data taking. In a given critical experi-
ment the two classes may be entirely separate, or may have considerable overlap.

In the mock-up critical assemblies, large reactivities are usually available. For safe
operation of such a facility, one typical set of rules requires four or more operating channels
which incorporate a minimum of four power level scrams and two period scrams. Of these,
the rules further require that three level scrams and one period scram be in operation when-
ever the reactor is in operation. This rule provides for some inoperative channels and allows
maintenance while the reactor is in operation. Usually, more than the minimum number of
scram circuits are effective during operation.

Generally speaking, direct-current detection devices have been preferred over pulse-
counting devices for operational and safety channels. In most cases these devices have longer
useful ranges and better overload characteristics than pulse-counting devices. Direct-current
detectors that have been used include neutron sensitive boron-lined ionization chambers,
gamma sensitive high pressure argon chambers, and photomultiplier-scintillation crystal
detectors.

Ionization chambers used with critical agssemblies have low current outputs. Hence, high-
gain amplifiers are required. For this purpose, vibrating reed electrometers may be used.
This system gives a linear oulpul requiring scales to be switched frequently as the reactor
power level changes during normal operation. Logarithmic amplifiers give power indication
through several decades on a single scale, but at the cost of reduced accuracy. Both types of
amplifiers are necessary in the critical assembly instrumentation.

The photomultiplier-scintillation crystal detector amplifies the signal within the tube.
Therefore, the output of the tube can be connected to a direct-current meter and 3 relay, to
provide a reactor safety channel. This has a limited range of indication. However, such a
channel is satisfactory for safety application if checked frequently, and it is extremely
simple. The photomultiplier tube can also be used in conjnnction with a current regulating
circuit. The high voltage to the photomultiplier, which will vary to hold the current constant,
then becomes a measure of reactor power. This produces a logarithmic response. However,
the logarithmic characteristic is only accurate over approximately 3-1/2 decades. Though
below and above this range the decades are compressed, the arrangement is satisfactory as
a safety circuit. The principal disadvantage of a photomultiplier tube is its tendency to age
and fatigue when used at moderate or high outputs. This does not destroy its value for safety
instrumentation, but it does make ionization chambers more attractive.

The reactor period is obtained by differentiating a logarithmic power level signal from a
direct-current detector. The period signal may also be obtained from a count-rate meter,
where the count-rate signal is first amplified logarithmically. The period circuits are usually
adjusted so that the meters read full scale in a 3-second period with the scram set between 5
and 8 seconds. A diode reverse current bypass and other features to prevent damage to the
meter are usually included in the period safety circuit.
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Count-rate meters operating from pulse-counting detectors have been used for safety and
operating instrumentation in the past. They have the disadvantage of requiring greater care
in alignment and, in general, more maintenance than direct current circuits. They are useful
over a shorter range than are ionization chambers; their usefulness for safety purposes is
limited by a tendency to saturate. For these reasons, the pulse -counting detectors have not
been used for safety instrumentation on the more recent critical assemblies.

In critical assembly work where reactor powers are low and there is no large build-up of
fission products, the power level can normally be measured with either the gamma activity
from the reactor or by the neutron activity. The neutron leakage from the reactor is directly
proportional to the reactor power and is the more accurate, particularly where transient
measurements are being made. However, for most reactor measurements the gamma level
has been found equally suitable.

The signal for initiating a reactor scram is obtained from a relay or a relay type meter.
The latter has been used extensively because it has been developed to a point where it is as
fast acting and as reliable as a relay. Their advantage is that the relation between the power
level, or period, and the point at which the reactor will scram is visually displayed.

The channels used for data taking are usually required to be more sensitive to low level
signals and more accurate over the entire operating range. For these reasons pulse-counting
detectors are generally us ed.

Pulse counters which have been used are boron trifluoride proportional counters, fission
counters, and photomultiplier-scintillation crystal detectors. The BF3 counters have the
advantage of gas multiplication of the signal, providing therefore a larger output pulse. In
fission counters the fission fragments give a high degree of ionization which permits the
detection of pulses by collecting the ions without gas multiplication. This leads to shorter
pulses, allowing higher counting rates without counting loss, and to a lesser dependence on
the voltage applied to the tube.

The direct-current radiation detectors are not generally used for data taking. There is
some uncertainty as to the accuracy of the logarithmic amplifiers, and this accuracy is
difficult to check over the number of decades covered in normal use. While these and other
objections to direct-current data-taking channels can be overcome or corrected, it is necessary
to balance the cost and effort to obtain the desired accuracy against the expense of additional
channels of instrumentation.

For the initial start-up with a new critical assembly there is considerable uncertainty
about the counting rate as criticality is approached and how rapdily the detector level will
change between the shutdown condition and the near criticality condition. The uncertainty
requires that the criticality be approached slowly, and that the reactor power level be known
at all times. Under these circumstances, for accurate low level indication, pulse counters
are generally used. After one or more start-ups with a given assembly. information will be
available as to the readings of the other detectors during the start-up procedure. For these
reaons, it is not necessary to use the pulse counters during subsequent start-ups.

Reactors can be operated from panel instruments or galvanometer indicators. With
critical assemblies, where measurements are usually made directly on the reactor, it is
desirable to have one or more recorders in the instrumentation to aid in the operation, and to
provide a continuous past history of the reactor operation. A logarithmic level recorder is



388 CRITICAL EXPERIMENT DESIGN AND TECHNIQUES

useful for general operation. This is selected to indicate the power level from complete shut-
down {0 maximum power. For maintaining the reactor power level, a linear recorder is more
useful because of its expanded scale and greater sensitivity. One or more of each type have
generally been incorporated in each critical assembly.

Period recorders have not been used in the Bettis critical instrumentation. Period indi-
cation is useful, however, in operation of the reactor, particularly in start-up and while
reactor power level is being changed. One or more period meters are often included where
they can be easily seen for operational purposes.

Figure 8.1 shows a block diagram of the instrumentation of a typical critical assembly.

The positioning of the nuclear detectors can be handled in a number of ways. Figure 8.2
shows a telescoping instrument thimble which bolts to a flanged opening in the side of the
reactor tank. This permits locating the detectors at a constant distance from the surface of
any core in the reactor tank. The instrument thimbles can also be suspended in the reflector
region from above the reactor tank. For a fixed core size, a fixed size instrument thimble
may be bolted to flanged openings in the reactor tank.

8.8 CONTROL INSTRUMENTATION

In addition to the nuclear instrumentation, a critical assembly requires instrumentation
to provide continuous information on control rod and source positions, temperatures, and water
level. The control rod position and source indication are required for both safety and data
purposes. Temperature indications are required primarily for data purposes. Water height
instrumentation must be included for operational safety and to provide experimental data
when full water height is not used.

One method of measuring and indicating the water height remotely is to measure the
differential pressure between a point in the water and the surface of the water. There are
several commercial units based on this principle that use a manometer to measure the
pressure required to bubble gas through the water. The instruments are accurate to approxi-
mately l-millimeter water height. These instruments are relatively slow in response (they
require several seconds to indicate a change in height accurately), but this has not been a
handicap in reactor operations.

The manometers used with these differential pressure devices have indicator fluids of
several densities to obtain expanded or contracted scales. This permits a choice of precise
height indication, or of compactness where accuracy is not a primary requirement. The
manometer scales may be marked in any way desired. It is often convenient to make the
zero water level coincide with some reference point on the core (such as the bottom of the fuel
section), and to have the scale drawn to show negative and positive water heights. On some
assemblies these indicators have been used in pairs, one to indicate water height at all times
over the full range of water travel; the other to indicate water height more precisely in certain
regions, e.g., near the top of the core and in the top reflector region. Pressure switches
are available for these indicators that will sound a warning, operate a shut-off valve, or
perform other control duties when the water height exceeds the desired limits.

Another method which has been used to measure the height of water in the reactor
remotely is an electrical contact method. The resistivity of the moderating water is low
enough to permit this type of device to be used even if the moderating water has no material
dissolved in it. A point making contact with the surface of the water is used to provide a
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signal to indicate the height. In a conducting liquid, this method has been used to indicate the
surface of the water to a precision of approximately 0.01 inch.

The electrical contact method of determining water height can be used in three different
ways: It can be used with fixed points, so that when the water level reaches a predetermined
point a signal is provided. It can be used with a contact point that has a remote manual drive,
so that the point can be driven up and down until the surface is contacted. Alternately, it can
be used with an automatic system in which the point hunts the surface by continuously making
and breaking contact. With either of the latter two systems, the fixed points may be incor-
porated for calibration to check the accuracy of the system.

Another method, adaptable to low conductivity water is a modified electrical contact
method. Here a metal float is used with a constraint, such as a guide tube or guide wires.
The probe has two contacts which, upon touching the surface of the metal float, complete the
electrical circuit to provide an indication of the float position and, therefore, the water
height.

Instrumentation is also provided in critical assemblies to indicate the level in all storage
tanks. This permits a check on the system during start-up and operation. For example, if
the water is not rising in the reactor tank at the expected rate, a check on the rate at which
the storage tank level is dropping will show whether the difficulty is due to malfunctioning of
the pump or valves, or whether it is due to a leak in the system.

The accuracy required of temperature instrumentation depends on the experiments to be
performed. For most reactor operations, an accuracy of + 0.03°C, which permits a direct
reading accurate to the nearest tenth of a degree, is adequate for temperature coefficient
studies. Reactor temperatures have been measured with platinum-resistance thermometers
and with thermistors. The platinum-resistance thermometers are used in bridge circuits,
either manually operated or recording. The platinum-resistance thermometers are nearly
linear with temperature and, in one case, were compensated by a resistor network so that the
reading in ohms was equal to the temperatures in degrees over a limited range. Thermistors
have a more rapidly changing resistance with temperature changes, and therefore are more
sensitive. They are not linear, and have been found to drift with age (approximately 1 C® per
year). Thermistors must be calibrated individually, and the calibration repeated periodically.

8.9 ELECTRICAL INTERLOCKS

A few simple basic electrical interlocks are included in each critical assembly control
system to ensure the proper sequence of operations. Before a control rod can be raised, or
before water can be added to the core, one such interlock requires either that (1) the neutron
start-up source be in the reactor or (2) the neutron flux be above some arbitrarily set
measurable value, Some of the critical assemblies are further interlocked, so that if the
above situation is not satisfied a scram occurs. In most assemblies, however, failure to
satisly the so-called flux-up condition simply prevents a positive reactivity change from being
made.

Another interlock, basic to all critical assemblies, requires a rod to be withdrawn above
the core before water may be added to the reactor tank. Because of the possibility of a control
rod jamming, typical operating rules have actually required that two rods be withdrawn, one
completely withdrawn, and the other either partially withdrawn or fully withdrawn at the option
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of the operator. More recently, an interlock system has been designed which requires two
rods to be withdrawn, and this has been incorporated in certain reactor consoles.

A third interlock is included to liinit the rate of addition of reactivity to the core. This
makes it impossible to raise a control rod and to add water to the reactor tank simultaneously.
The critical assemblies have in some cases been designed so that the rod motion would over-
ride any pumping operations.

In addition to these operational interlocks, the assembly room door is interlocked to
produce a scram if it is opened after reactor operation has started.

8.10 MANUAL SCRAM

The instrumentation of a critical assembly includes a manual scram switch to interrupt the
holding current to the clutches or magnets and allows the control rods to drop. The switch
also interrupts the power to the main dump valve, allowing water to return to the storage tank.
This results in a full reactor scram. The switch is so wired that once a scram has been
initiated, releasing the switch does not interrupt the scram. It is necessary to reset the
switch either manually or electrically, or both, before the reactor can be put into operation
again. In some reactor assemblies, additional partial scram switches have been included
which will only dump the water or only drop the rods. These are convenient but not necessary
for safety. The rod drop switch is sometimes used to conduct an experiment.

8.11 CORE SUPPORT STRUCTURE

The core support structure is that unit, or assembly of units, which supports the core
itself in the critical assembly. This may be a grid or table device in the bottom of the reactor
tank upon which the core is placed, with a corresponding plate or grid to position the top of
the core. Alternately it may be a support plate above the reactor tank from which the core
is suspended. Typical designs are shown in the descriptions of specific reactors in
Chap. 9.

The principal mechanical requirement is that it must have sufficient strength with minimum
deflections under load. It must position the core accurately and hold it securely. Further
requirements are that it must permit the desired flow through or around the core support. It
must permit the desired access to the core, such as may be required for changing the loading,
or for inserting or removing flux measuring foils. An additional requirement may be that it
permit the modification of the core geometry. This may be accomplished by replacing the
entire support plates or by building part of the support structure of small, removable units.
Both methods have been used.

8.12 ASSEMBLY SUPPORT PLATFORM

To permit draining by gravity in a water moderated critical assembly the reactor tank,
control mechanisms, and associated equipment are mounted at some distance above floor
level. A structure is required to support these units in position. In the design of such
structures, strength and deflection under load are both important. Often the limitation on
deflections dictates the choice of structural sizes. A further requirement for the support
structure is accessibility. Large, heavy structural steel shapes are preferred to small
sections with a large amount of cross brazing. A platform is required to provide working
convenience, with sufficient head room for core assembly work, insertion and removal of
foils, and for maintenance of the electrical and piping systems.
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The type of assembly platform used has become more or less standardized. It is a two
or three-level platform supported by heavy columns, and generally equipped with two reactor
tanks. Somewhat different types of support structures have advantages of improved accessi-
bility. The assembly stand used for the STR-CA, which is constructed principally of pipe and
supported by two large columns, is a nonstandard type having excellent accessibility, parti-
cularly for shielding studies. Approximately 160 degrees of the core periphery are available
in this design.

A most desirable feature of the support platform is that it be designed to provide space
for the accessory equipment associated with the critical facility operation. This may include
shelves for electronic equipment, test locations for rod drive units, and storage racks for
spare units such as control rods and control rod drives.

8.13 WATER-HANDLING SYSTEMS

The water-handling system includes a reactor tank, one or more storage tanks, filling
pumps, control valves, and associated piping. In addition, there may be a heating system
consisting of a heat exchanger, circulating pumps, control valves, and the connecting piping.

Reactor tank design depends on several factors. One is the size of the cores to be
accommodated. Allowance must be made for a bottom and top reflector; this space also
permits improved circulation of water in temperature coefficient studies. If not governed by
other considerations, a radial reflector thickness of 6 to 8 inches provides room for insertion
of equipment such as detectors, complete reflection for the core, and a moderate amount of
shielding to the operating staff. In the design, consideration should also be given to the fluids
that may be used in the system, i.e. whether water only, or solutions and other hydrogenous
liquids.

Fabrication, rather than material, accounts for most of the cost of the reactor tank. For [
this reason, stainless steel has been preferred to aluminum. Stainless steel has the advantage
of easy maintenance and corrosion resistance. Tanks fabricated from plastics, or from
Fiberglas reinforced plastics, are possibilities that have been used at other laboratories.

The top of the reactor tank has a flange with a bolt circle. This stiffens the tank, and
also provides means for lifting and for attaching equipment to it. If the tank is to support the
reactor core itself, or important associated equipment, it must be leveled. The tank must

have locations for the nuclear detectors. These consist of flanged openings in the side or
bottom to which instrument thimbles may be attached. The bottom may be integral with the
sides or may be separate, serving a double purpose of tank bottom and tank support.

A dump-line connection, from 4 to 8 inches in diameter, is built into the tank at, or near,
the bottom. The filling line connection of most tanks is located near the bottom to avoid
splashing. This connection is often incorporated into the dump line just above the dump valve.
When a heating system is associated with the facility, connections for the water circulating
line are provided in the tank.

Special features that may be required by a particular facility are incorporated into the
reactor tank. For example, a special thimble for a start-up source insertion may be provided.
Another feature might be a well for dropping fuel-bearing control rods out of the core.

The storage tanks required for critical assemblies are usually less intricate than the
reactor tank, and standard sizes may be used. Here again, stainless steel is more dependable,
and is to be recommended.
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The piping system is constructed of material that will not corrode significantly. Stainless
steel, plastic, and aluminum have been found satisfactory in most applications. The piping
system is designed to be self-draining with minimum or no holdup. The piping may be
assembled in place by welding, or by using any of the many commercial fittings available. In
a number of cases, the piping was welded in sections, with flange connections used to join the
various sections. This allows most of the assembly work and the preliminary cleaning to take
place away from the reactor, and permits easy disassembly for future cleaning.

For pumping water and similar liquids, the centrifugal pump is used. Since centrifugal
pumps cannot create high pressure, there is no need for relief valves and bypass lines. This
simplifies the piping layout. It is also possible to drain liquids back through the centrifugal
pump, which further simplifies the piping system. A difficulty with centrifugal pumps is that
a poor shaft seal will introduce air bubbles into the system. For some applications, such as
for the spray nozzles on the DCTF, the use of positive displacement pumps to produce higher
pressures is required.

The Grinnel-Saunders type diaphragm valve has been chosen for most applications on the
critical assembly system. It has no packing or seals to leak, offers little resistance to flow,
is tight closing, and can be positioned for complete drainage with no holdup of water or
solution. This valve is available in a large range of pipe diameters, in a large variety of pipe
connections, and in many types of body and diaphragm materials. It is also available with a
variety of actuators, such as manual, air, electric solenoid or electric motor. Quick acting
or slow acting types can be procured.

The Grinnel-Saunders type of diaphragm valve with an air actuator has been used in a
larger size as a dump valve because it performs well and is available commercially. However,
it is bulky, heavy and expensive. One other typc of dump valve, the flap type, has also been
used. In this design a cable pulls a flap up tight against the end of a pipe to prevent escape of
the water or liquid. The cable is held tight by a magnet or a magnetic clutch. On a proper
signal, the power to the magnet is switched off allowing the flap to open.

Remotely operated valves are obtainable either normally opened or normally closed. The
choice for a particular application is determined by safety considerations. The dump valve is
normally open, so that a power failure causes a reactor shutdown through the loss of moderator.
The filling valve is usually normally closed, so that in case of failure the filling ceases. The
use of remotely operated valves is limited to necessary operational functions of the reactor
itself. For associated equipment, such as transfer lines between storage tanks, hand-operated
valves are generally used to limit the possibility of operational error.

In the design and construction of a facility, an attempt is made to isolate the various
plumbing systems whenever possible. For example, the heating and circulating system might
be isolated from the storage and filling system. Such a separation of functions may take extra
pipe, extra valves, and extra-pumps, but there is a gain in safety. Wherc systems cannot be
isolated, the design and layout are made such that a minimum of two personnel errors or
equipment failures or a combination are necessary to create an unsafe condition.

The reactor heating system for temperature coefficient studies is determined by the size
and nature of facilities, and by the amount of high temperature work to be done. Electrical
immersion heaters are convenient where the system volume is small (under 1000 gallons), and
where the amount of high temperature work to be done is limited. The immersion heaters are
installed along the edge of the tank in the reflector, and the water circulated by natural
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convection or by propeller stirrers. This method requires no additional plumbing. However,
electrical heaters in the larger tanks are slow and require large amounts of power.

Another method of supplying heat to the system is with steam. For one critical assembly,
this method was applied by placing a steam jacket around the outside of the tank. With others,
it was found convenient and simple to use an external heating system in which reactor water
was circulated through the heat exchangers which, in turn, were heated by steam.

The mixing of water to obtain a uniform temperature throughout the reactor is a serious
problem. Mixing is aided by the use of stirrers in the tank and by the use of circulating pumps.
Deflectors and baffles within the reactor tank to guide the flow may aid in giving more rapid
mixing. Mixing may be a particularly serious problem in reactors where there is no cross
flow.

8.14 BUILDING DESIGN

Since this discussion is primarily concerned with reactor design, only a brief comment
will be made on the building features required for critical assembly work.

The critical assembly itself requires an assembly room, a control room, and a vault for
storing fissionable material. A room arrangement which has been found especially suitable
to critical assembly operations is to place the vault on the first floor and a control room
directly above it, with a connecting stair well along one side of the assembly room. These
three rooms, with the stair well, form a unit which permits the critical assembly area to be
shut off from the remainder of the building.

A feature common to most buildings used for water-moderated critical assemblies is the
considerable height of the assembly rooms. Water-moderated critical assemblies make use
of gravity drain of the moderator water as a shutdown safety mechanism. This requires the
reactor tank to be at an elevated location or the storage tanks to be below floor level. Control
rods are made vertical so that water seals are not necessary, and so that gravity may be used
for quick shutdowns. The control rod drive units must have a height somewhat greater than
the length of the control rods in order to allow the rods to be fully withdrawn. Most assembly
rooms for water-moderated critical assemblies are over 30 feet high, and a 50-foot height is
not uncommon.

Critical facilities are made in the open part of the room, so that they may be easily con-
structed and modified, and so that measurements may be taken easily. Shielding is provided
by the walls of the room. These may be thicker than the normal building walls. From 2 to
5 feet of concrete are commonly used for shielding. This can be on one side or on all four
sides of the room, depending upon the protection needed.
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BASIC OPERATIONAL EXPERIMENTS USING WATER
MODERATED CRITICAL ASSEMBLIES

by F. J. Jankowski

8.15 APPROACH TO CRITICALITY

For safe reactor start-up the external source of neutrons, described in Sec. 8.5, is
ingerted into the reactor core. An approximate equation relating ¢, the volume average
thermal flux in the reactor, and S, the total neutron source strength, is given by Eq. (8. 1):

g = 8 Eq. (8.1)

22
VI (1 +B M )1 - k)

In this equation Z_ is the total x;:acroseo;:ic absorbtion cross section for thermal n:utrons. v
is the volume of the reactor, B” is the geometrical buckling of the reactor, and M“ is the
migration area for fission energy neutrons in the reactor. The effective multiplication constant
of the reactor k . is related to the infinite multiplication constant k by the customary
equation

= k”

k
eff 1+ BZMZ

Equation (8.1) is derived directly from the two-group diffusion equations by making
several assumptions. First, it is assumed that the source neutrons are distribution uniformly
throughout the reactor. Second, it is assumed that the source neutrons are emitted at the same
energy as fission neutrons. Third, it is assumed that the flux distribution in the reactor is
the fundamental mode of the equivalent bare reactor, i.e.,

v +B% =0

for both the fast group flux and the thermal group flux.
Despite its approximate nature, Eq. (8.1) is extremely useful. From it we observe that
the average flux in the reactor is proportional to
1

- IEeH

Now if we consider the reactor to be subcritical, and that it is being modified in some regular
fashion to bring it to criticality, a quantity proportional to the reciprocal of E will approach
zero. This is the basis of the usual criticality plot used to predict the critical condition before
it is reached.
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In the usual criticality approach plot the abscissa is a scale of the change being made in
the reactor to achieve criticality. This change might be control rod position, reactor size,
water height, fuel loading, etc. The ordinate is proportional to the reciprocal flux in the
reactor. The abscissa at which the reciprocal flux curve is zero is the predicted critical
condition. To apply this scheme for controlling the approach to criticality, the relative flux
level in the reactor is measured by a neutron sensitive detector as criticality is approached.
If C is the count rate of the detector,

1

v Eq. (8.2)

= Ao(l = keff}

where A 6 is a constant of proportionality.

Equation (8. 2) predicts that the approach curve in keff is a straight line, with criticality
at the point at which 1/C is zero. It is implicit in the derivation of Eq. (8.2) that the count
rate measured is proportional to the volume average flux in the reactor. If the neutron sensi-
tive detector is located inside the reactor, this is approximately correct. If, however, the
neutron sensitive detector is outside the reactor, its count rate depends upon the neutron
leakage from the reactor which may or may not be proportional to the volume average flux in
the reactor. Thus, as criticality is approached. the curve may be concave or convex down -
ward, depending upon the geometry of the arrangement.

In a given experiment, a practical method of making the first approach to criticality is to
use a control rod to supplement the principal variable. In this system two approach curves
are taken: One with the control rod in; the other with the control rod out. Each step of the
change toward criticality is made with the control rod in, and is of such magnitude that the
counting rate with the change made is less than the counting rate prior to the change with the
control rod withdrawn. This assures the operator that the steps being taken in approaching
criticality are smaller in reactivity than the worth of the control rod between its two positions.

As criticality is reached, the counting rate becomes extremely large, or does not level
out following the change. At this condition the source should be withdrawn. If the reactor
power remains level, or drops a small amount and remains level, the reactor is critical. If
the power level drops, the reactor is subcritical. The operator must feel his way carefully
in the last portion of the approach to criticality. He can obtain a rough estimate of the reac-
tivity remaining to achieve criticality by noting the amount of the initial power drop when the
source is withdrawn. This drop can be estimated by extrapolating back to the time of the
source removal on one of the power level recorder charts. The theory is described in
Sec. 8.17c. Even though the source motion may be too slow to apply the source jerk theory, this
scheme gives an approximate value of the 6k required to achieve criticality. -

8.16 DETERMINATION OF THE POWER LEVEL

The determination of the power level of a critical assembly may be important for various
reasons. Depending upon the need, the power level may be obtained approximately or with
some precision. There are three possible ways of obtaining a power determination of a
critical assembly without operating it at high powers which would raise the temperature of the
assembly: (a) Operating the reactor at critical with a neutron source introduced into the core;
(b) operating the reactor subcritical with the source; and (c) using foil activation.

(a) Critical Reactor with a Neutron Source. The first procedure requires the use of a
neutron source, which may be the reactor start-up source. Care must be taken that the source
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(or its holder) does not absorb neutrons so strongly that it has a significant control rod effect.
For the simplest interpretation the source should be used at the position of maximum effec-
tiveness. If the source is used at other locations, such as the surface of the core, some
experimental data should be available for estimating the effectiveness at that position.

An approximate theory of this method can be developed rather simply. If the reactor is
just critical without the source, and a source of neutrons is introduced into the reactor, the
source neutrons will be multiplied continuously and the power of the reactor will rise contin-
uously. The fractional power rise of the reactor per unit time will drop off as the reactor
power level rises. The power level at a given time can be deduced from the time required for
the power level to rise by a given factor, for example, to double.

Suppose that the source introduces S neutrons per second. Each of these neutrons which
produces a fission will add to the fission rate of the reactor by %where 1 is the mean lifetime
of fission neutrons in the reactor. The argument is that the reactor is just critical without
the source, so that each fission just maintains itself and leads toil-fissions per second. Of the
source neutrons the fraction

. 2
(1+B"r s)

reaches thermal energy (with resonance capture not present) where 7_ is the age of the source

8
neutrons if the source were distributed geometrically just proportional to the fission rate of
the principal mode of the reactor, and BZ is the buckling of the principal mode of the reactor.

Since the source is concentrated, it is more effective by a weighting factor W. Therefore

WS
(1+ Bz-r s
of the source neutrons reaches thermal energy per second. Of this the fraction (_}_2_—2*)
1+B4L

where L is the thermal diffusion length, are captured in the reactor and the fraction f, where
f is the thermal utilization of the fissionable isotope, is absorbed in fuel and the fraction

( —11+—a) produces fission, where a is the ratio of radiative capture to fission capture in the fuel.

Thus the fission rate of the reactor increases by

wst
(1+ Bz-rs} (1+B2L% (1 +a)t

fissions per second per second. Taking 3.1 x 1010 as the number of fissions per joule, the
power level of the reactor changes by

dP _ 1 WS{

oS k100 1+ B%r) (1 + B L) (1 + o)t

watts/second Eq. (8.3)

In applying this method, the absorption of the source drive equipment may be corrected
experimentally by calibration of the drive without the source against a control rod. A detailed
derivation has been given by Garabedian. 1

(b) Subcritical Reactor with a Neutron Source. A power determination may also be made
by inserting the neutron source in the core when the core is subcritical by some definite,

measured amount. The measured subcriticality can be found in a separate experiment, for
example, by a rod calibration. Let1 - keff = Ak be the amount of this subcriticality. If,
again, S is the number of neutrons per second emitted by the source, S will be multiplied by
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the quantity 1/(1 - ko) or 1/ak. Then the number of fissions per second will be
wst
ak(1 +B%n) (1 + B2 LA (1 + )
where 7 is now the age of fission neutrons. The power level corresponding to the fission rate
will be

2 B 2.2 l 10 Eq. (8.4)
Ak(l +B 1) (1 +B" L") (1 4+a) 3.1 x10

This power level can then be related to the critical assembly detector readings.

(c) Foil Activation, Foil-activation techniques may also be used for power determinations.
The foils are used as a means of determining the flux which, in turn, can be multiplied by the
fuel density and fission cross section, and integrated over the reactor volume. If the fuel
density is constant, it is only necessary to average the flux over the reactor. If the geometry
of the reactor is simple, the flux distribution may be calculated, and it is necessary to check
the flux with foils at only a few points in order to calculate the average flux. With this method,
calibrated foils and counters must be used to obtain the absolute activity in the foils. If
uranium foils can be used that have the same enrichment as the fuel in the reactor, it is
possible to obtain the power more directly without many of the corrections required with other
type foils. In this method, the accuracy of the determination will be strongly dependent on the
accuracy of the absolute determination of the flux, and on the accuracy with which the flux
distribution is known. For a discussion of activation and counting procedures, see Chap. 10.

8.17 CALIBRATION OF CONTROL RODS

There are many experimental methods for calibrating control rods. These include the
rod-bump period method, in which the data are interpreted by use of the inhour equation, the
subcritical multiplication method, the source jerk method, the rod oscillation method, and
the rod drop method. Some of these methods give the differential value of the control rod
worth. To extend rod calibration, other changes in the reactor core (in the position of other
control rods, or in fuel or poison loading) must be made so that a new position of the rod under
calibration is possible. Because of these changes, a rod calibration is significant only for the
particular conditions under which it is obtained.

(a) Rod-Bump Period Method. The rod-bump period method of rod calibration has often
been used because it can be applied to any reactor in which the control rod can be moved and
the motion measured. The only instrumentation required is means of measuring neutron
level to the accuracy desired. Since this method determines the differential rod worth at a
point, the disadvantage is lengthy procedure. This is not a disadvantage, however, if the
worth is required as a function of position.

If, in a reactor, the reactivity is positive and constant, the reactor power, and therefore
the neutron level, will rise asymptotically on an exponential given by

P =P_ exp (t/7) Eq. (8.5)
where
P = reactor power at time t,
Po = initial reactor power (at time t = 0},

T reactor period.
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This equation does not hold immediately after the reactivity change is introduced, but holds
after the initial transients have died out. The period is found by differentiating this equation
logarithmically with the respect to time.

s -1 Eq. (8. 6)
The period is determined experimentally by measuring the power (or neutron level) as a
function of time and from this calculating the reactor period. The reactivity is then determined
by applying the inhour equation. 3

The rod calibration is started by making the reactor critical in the desired initial con-
figuration. For example, in the initial configuration the rod being calibrated may be full in,
the compensating rod full out, and all other rods at equal height in the core. Although it is
desirable to start with the reactor power exactly level, it is often expedient to accept a long,
positive period and measure the period rather than attempting to make the power exactly level.
Once the reactor power is leveled, or the long positive period is measured, the rod being
calibrated is moved a short distance, or bumped, and after the transients are allowed to die
out, the faster reactor period is measured. Apj:rox.imately 2 minutes are usually sufficient
for the transients to die out and the period to be established. The reactor periods may be
determined by taking a number of equally spaced and equally timed counts on pulse-counting
detectors, such as BF; counters or fission counters. Five to seven counts are desirable for
a good determination. From the period measuremecnt, reactivity is inferred through the inhour
equation. The difference in reactivities between the two rod positions divided by the distance
of rod motion, gives the reactivity per unit motion of the rod. This value is assigned to a
point within the interval of motion, usually the mid-point.

When the reactor period has been determined, the compensating rod is inserted to reduce
the reactor power. The rod being calibrated is then raised to the next point at which the cali-
bration is desired. The compensating rod is moved, as necessary, to level the reactor power
or to yield a long, positive period. The entire cycle is repeated as many times as necessary
to obtain the desired number of points on the calibration curve. In this procedure it is clear
that with little additional effort the compensating rod itself may be calibrated. Another
variation is to use a third rod over a fixed distance to give the period, and to move the pair of
rods being calibrated just enough to compensate for the motion of the third rod both in and out.

The single rod may be compensated by a bank of rods rather than another single rod, thus
obtaining both calibrations. The range over which the bank may be calibrated is quite limited;
and it is generally necessary to make other changes in the reactor to obtain a bank calibration
over an extended range. For example, fuel or poison may be added to the reactor or its
dimensions may be changed. Changes of this nature to the core actually produce a new reactor.
Whether the results obtained from such a series of different reactors can apply to the initial
condition is open to question.

In using the rod-bump period method, the data for determining the reactor period are
taken on two or more detectors, so that if one of the detectors or its accompanying electronic
circuits is faulty, the difficulty will be apparent. The rod motion is usually chosen to give
periods in the range of 90 to 150 seconds. These periods are easily controlled, allow the
taking of data over a sufficient time to give a number of points for determining the period, and
are fast enough to give good accuracy in the determination of the period. If, instead of making



BASIC OPERATIONAL EXPERIMENTS — WATER MODERATED ASSEMBLIES 401

the reactor power exactly level a long positive period is measured, periods should be greater
than 1000 seconds. Actually, such periods often are in the neighborhood of 10, 000 seconds.
These periods contribute significantly to the reactivity and should be measured; it should not
be assumed that the power is level when it is not. The level at which a period measurement is
started should be sufficiently high so that counting statistics are not a source of serious error.
The level must be sufficiently low, so that at the end of the run the counting losses are not
serious, and the reactor power level is still within the permissible operating range of the
safety,channels.

There has been no systematic investigation of the errors that enter into this rod calibra-
tion procedure. In typical applications, the reactor period is measured with two or more
detection channels. If the spread in the values of the period obtained is greater than 3 per cent,
the point is repeated. Usually, the values check more closely than this. The accuracy with
which the rod position indicators can be read introduces a further error. This error can be
as great as 5 per cent but is normally of the order of 1 per cent. Considering the accuracy with
which data are taken, the scatter and the reproducibility of the results, it is believed that
individual rod calibrations, both incremental worth and integrated values, are accurate to about
2 to 3 per cent. Bank calibration curves derived from individual rod calibrations include the
error of the individual rod calibration as well as error introduced by the uncertainty of the
bank position. The result is greater scatter in the experimental points for bank calibrations.
The calibration curves for banks of rods are believed to have an error of 4 to 5 per cent.

These error estimates do not include any error associated with reduction of period data to
reactivity.

{(b) Subecritical Multiplication Method. The calibration curve for a bank of rods may be
extended by means of subcritical multiplication measurements. As the accuracy of this
method is not known, it can be judged only by its fit to data taken by other means. Compari-

sons have led to an estimate of about 10 per cent uncertainty in this type of measurement. This
method is valuable because it will give data when no other information or means of obtaining
information is available. Further, the method is relatively rapid.

In applying this method, a preliminary step is required. The reactor is first made
critical. Next, the reactor is made subcritical by a known small amount, by inserting a
previously calibrated control rod. Then the neutron source is introduced and detector readings
are taken to determine the relative neutron flux in the reactor. This procedure is repeated
for several positions of the calibrated control rod. A plot is made of the inverse counting
rate against (1 - k). This plot is extrapolated linearly over the range required to calibrate
the rods of interest. This completes the preliminary procedure.

Starting from the same initial critical condition the rod, or bank of rods, to be cali-
brated are inserted in a number of steps. The neutron source is introduced and the detector
readings are taken at each step. The value of keff is obtained from the extrapolated curve
drawn from the calibrated rod data. This leads to an integral curve. The slope of this curve

gives the incremental reactivity worth curve for the bank of rods.
(c) Source Jerk Method. In the source jerk method of calibrating control rods, ine pro-

cedure is to use the source jerk to determine the degree of subcriticality of the reactor. This
is used, as the rod bump is used, to transfer a reactivity worth to a measured control rod

motion. The theory of the source jerk procedure to measure the degree of subcriticality will
be considered first.
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The theory of the source jerk method of determining subcriticality can be derived simply.
Starting with Eq. (8.1)

3 =n_r_Als Eq. (8.1)
- ket)
where A, is a constant representing

1

N 1 4 e
VI, (1+B"M")

we note that

keff = Cy

where C is a constant and v is the number of neutrons emitted per fission.
Now

+ v

V=VP D

where vy, is the number of neutrons emitted promptly and vp is the average number of delayed
neutrons. Defining

kP = CvP

where C is the same constant as in the expression for keff' we have
'kefftl - B = kP Eq. (8.7)
where

v
B =-—v-]:l is the delayed neutron fraction.

Substituting Eq. (8.7) in Eq. (8.1), and rearranging, yields

] k
¢ ‘u;LkP; (1 + 3ﬁf;) 4 (58

The term in Eq. (8.8)

AIS
(=5
may be interpreted as the flux resulting from prompt multiplication of the source neutrons
while the term

AS B( kegp )
M- kp) PAT -k g

may be interpreted as the flux resulting from multiplication of the delayed neutrons.

If, when the reactor is subcritical with the source present and the flux stationary with
time, the source is suddenly removed, the flux will drop to the value representing the con-
tribution of the delayed neutrons. If C, is the detector response before the source is removed,
and C, is the response immediately after the sourceis removed, then
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C, -C 1-k
1 2 eff Ak Eq. (8.9)

C, Bk = BT - 2K

To apply this method for calibration of a control rod, the reactor is made critical. The
control rod is inserted a given distance and the counting rate C, is obtained after the source is
inserted and the flux level reaches equilibrium. The source is removed rapidly and the neutron
level is measured as a function of time. This is extrapolated back to zero time to obtain the
value of C, from which Ak is computed.

By starting from the same critical position and measuring the subcriticality for several
rod positions, an integral rod calibration curve will be obtained. If each measurement is
started from a new critical position and the reactivity change is divided by the amount of rod
insertion a differential, or incremental, rod worth calibration curve may be obtained.

In principle, this method can be used to measure the worth of banks of rods as well as
individual rods, and to measure the shutdown of the reactor.

The principal disadvantage of the method is that the counting rates tend to be low and,
therefore, counting statistics are poor. For Ak values of sizable magnitude, the basic premise
that the flux in the reactor is distributed in the principal mode is questionable.

Special equipment may be necessary for this experiment. Rapid writing recorders and
d-c devices connected to sensitive amplifiers are generally used. One system uses a boron-
lined ionization chamber feeding through a Beckman logarithmic amplifier into a Sanborn
recorder. Another method of collecting data is to connect the output of a scaler to a recorder
with a rapid chart speed, such as a Sanborn or Brush recorder, so that each 1, 000 counts or
each 100 counts will produce a mark in the chart trace. From these data, the counting rate as
a function of time may be computed and plotted.

(d) The Rod Oscillator Method. The periodic insertion and removal ot absorbing material
in a reactor will result in the power level fluctuating with the same period. Small power
oscillations will be directly proportional to the reactivity worth of the material at the location
into which it is being inserted. This principle may be used for obtaining an incremental cali-
bration curve for a control rod. The theory and application of this method has been described
by Jankowski, Klein, and Miller.2 A discussion is also presented in Volume III of this Hand-
book.

The theory of the rod oscillation method will be developed for a one group model with no
leakage, in which reactivity only is a function of time. For this model the infinite multipli-
cation constant is equal to keff' The reactor kinetics equations are:

.-g%:fn-ﬂf#-}-z % Eq. (8.10)
i

Bci ¢; nfBi

—BT---TT-I-'PI n

Eq. (8.11)

where
B is the total delayed neutron fraction; Bi is the delayed neutron fraction of the 1th group
is the neutron density,
is the reactivity [p = {keff - lllkeﬁ.],
is the mean lifetime of neutrons in the reactor,
is the number density of the precursors of the g group of delayed neutrons,

=]

n ™ o
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7; 18 the mean life of ith group of delayed neutrons,

n and { are the characteristic parameters of the reactor material.
The reactor kinetics equations will now be solved for the small signal approximation.

Write
n=n, + n1[t) Eq. (8.12)
and for the ith delayed group
¢ = ¢, + cu(t) Eq. (8.13)

where n_ represents the time average neutron density and %0 the time average number density
of the itg group of precursors.

Substituting these expressions in Eqs. (8.10) and (8.11) and neglecting the products of small

quantities p(t) n,(t), gives
8111 c
- p(t) nff il
T Tt Z KTy Eq. (8.14)
i
and
dc c nfB.
il il i
e +—tn Eq. (8.15)

Equations (8. 14) and (8. 15) are solved by taking their Laplace transform and solving for n*[s),
the Laplace transform of the neutron density.

- ¢;,(0)

n + e

W et AT

nlts)a: Z(s) + Z(s) Eq. (8.16)

where Z(s) is, by analogy with electric circuit theory, considered to be the natural impedance
of the reactor. The first term gives the effect of the forced vibration. Taking the inverse
transform of the first term, and treating the case where p(t) is a periodic function

[o(t) = 6e'"], yields for the steady state solution

ny(t) =—p {z?uwj - Tez'(0)

n & iwt 1
] Eq. (8.17)

where

B
Z(iw) = 1@[1 + ;.‘. izm;:l
z'(0) =1+ ; Byt

The real part of Eq. (8.17) is given by
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n_&
Real [ny(t)] =— goatet - £} 7y Eq. (8.18)

wz'r B "’BT
( ZNZTii'l) +(u+at_Zm‘ri+l)
1

Consider two cases:
Case I: wry <<1
In this case Eq. (8.18) reduces to

n_b .
° sin wt Eq. (8.19)

[1 +nf 2 Bifi] &

Real [nltt)] =

Case II: wry >>1
In this case Eq. (8.18) reduces to

n & cos({wt - d)
Real [n)(1)] = [
W

271/2 Eq. (8. 20)
2

()]
where

tand = fﬁ

Thus, for extremely low or high frequencies, the neutron response behaves as 1/w.

In conducting this experiment it sometimes turns out to be simpler experimentally to have

the reactivity vary as a step function rather than as a sine function. This complicates the
analysis somewhat. First the reactivity variation is analyzed into a Fourier series.

o0 s 2
plt) =%}:l i Eq. (8.21)
J:
j odd

Thig is substituted in Eqs. (8.14) and (8.15) which are solved as before. The result is

_4ngd = sin(jut - $) 1
nt =77 : z Z-1/2

j=1 J uww N juB,T
odd + [ jw + nf ..__ﬂ__.l i
J (?1 Z ]w} TS + 1) (j £ Z (jw) Ty +l)
i

Eq. (8. 22)

The particular result obtained from Eq. (8.22) with a cycle time of 5 seconds, was used for
calibration purposes. For this period

405
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-]
4n06 2 1 sin(jwt - ¢j) e
nllt} o Y] T ﬁ)z f .B. 2 1?‘2— Eq- { . }
. i
J:]_ + (Jm + ——— )
jodd (3 T2 Jor g

1
where

8
5
_ i
bunly = B

1

The initial rod oscillating experiments were done with a simple square-wave rod oscillator
consisting of an air cylinder hung from the control rod drive, and with the control rod connected
to the piston shaft. Air was applied to the cylinder to lift the rod. The rod returned by gravity.
Limit stops on the piston shaft allowed the amplitude of oscillation to be selected. A linear
differential transformer provided a signal, which was recorded, to indicate the oscillating
component of the rod position. The average rod position was shown by the selsyns, which were
part of the rod drive unit.

The air to the oscillating unit was controlled by a quick-acting, three-way solenoid valve
located within a short distance of the drive unit, in order to minimize air travel time. The
valve was operated by a cam switch driven by a timing motor. Transit time of the rod was
very short (approximately 0. 05 second) compared with the time at rest, so that the net motion
was essentially a square wave.

Boron-lined, gamma-compensated ionization chambers were used exclusively for data
taking. For the principal source of data, one of these chambers fcd into a Beckman logarithmic
amplifier and then into a Sanborn recorder. With this recorder, it was possible to suppress
the zero and use the recorder at maximum sensitivity to observe the oscillating component of
the power level. Since the logarithmic amplifier gave the fractional change in power level, it
was not necessary to record the amount of zero suppression in the recorder.

The experimental procedure was as follows: The rod oscillator was preset for the desired
amplitudes. Two amplitudes were used, --1/2 inch and 1-1/2 inches. The oscillator frequency
was adjustable at the conirol console. The reactor was made critical when the control rod was
in the appropriate position. The rod was lowered a distance equal to one-half the oscillating
amplitude, and the oscillator was turned on. Usually 10 to 20 oscillations allowed a good
average value to be obtained for the peak-to-peak amplitude of the power level. The oscillator
was turned off when the rod was in the down position.

Figure 8. 3 gives the variation of the signal amplitude with the frequency of the rod
oscillator. The cycle times for this curve range from 2.5 seconds to 180 seconds. The
oscillation amplitude of the rod was maintained constant throughout the range. The low
frequency end of the curve shows the tendency toward a 1/w response as the analysis suggests.
In the studies that employed this method of calibrating control rods, a time cycle of 5 seconds
was used.

In applying the technique, a relative or absolute method may be used. In the relative
method the reactivity calibration is obtained by taking one or more rod-bump period measure-
ments. From this, the constant relating the oscillating component of reactivity to the detector
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Fig. 8.3 - Frequency Response of Neutron Level to Reactivity Oscillations.

amplitude response is evaluated. In the absolute method, it is necessary to evaluate Eq. (8.23).
This was done by choosing appropriate values for the parameters and summing the terms
between 1 and 49. For the particular evaluation the parameters used were

B = 0.73
n = 2.09
2 = 107% geconds
f = 0.58

The value chosen for £ has only slight effect on the evaluation. A change in ! by a factor of
two changes the result by only 3 per cent.

The absolute calibration is quite sensitive, however, to the value chosen for f. The value
of f was determined by a simple criticality calculation in which the homogeneous thermal
poison required for criticality was determined. Using this poison cross section, a value was
calculated for f. The uncertainty in f is estimated to be about 5 per cent.

The recorder chart, giving the amplitude of the oscillating component of the flux, intro-
duces an uncertainty of about 2 per cent. In the relative method of calibration the period-bump
technique is estimated to have an error or 2 per cent. This, combined with the chart error,
gives an estimated 3 per cent error in the relative calibration technique. This is substantially
smaller than the estimated error in the absolute calibration using rod oscillation, since the
5 per cent error in f, when combined with the chart error, leads to an estimate of 6 per cent
total error.

Calibration curves obtained by using the above procedure and analysis are shown in
Fig. 8.4. These were derived by use of the period method and the rod oscillator method, both
relative and absolute. All three curves fall within the assigned uncertainties. The integrated
rod worth values are in considerably better agreement than might be expected.

The rod oscillation technique of control rod calibrations has a number of important
advantages. Perhaps the most significant is that it is about four times faster than the period
rod-bump technique. In addition, less data reduction is required and fewer and less stable
electronic units are required.



408 CRITICAL EXPERIMENT DESIGN AND TECHNIQUES

301 =
280 i
26 il
‘é 24
s 22| -
=201 -
7
180 ra} -

REACTIVITY PER |
~N

}//\m

[ [ [ L ] Lof-- 1 | 1
02 4 6 810 1214 16 18 20 22 24 26 28 30 32 34 36 38 40 42
ROD POSITION - INCHES ABOVE BOTTOM OF CORE

8
3
a4 __8§ -
2
0

Legend Integrated Worth
O Rod-Bump Period 408 x 10::

A Rod Oscillator (Relative) 402 x 10 4

[0 Rod Oscillator (Absolute) 408 x 10~

Fig. 8.4 - Calibration of a Cd-Ag Xenon Control Rod.

(e) Rod Drop Method. The rod drop method of control rod calibration has been used
extensively. In certain applications difficulties have been encountered. Primarily these are
associated with attempts to measure large reactivity changes. In practice it has been found

that the rod drop and rod-bump period methods give comparable results if the reactivity change
measured is relatively small, i.e., a fraction of B. If large, the change in flux distribution
associated with the large reactivity change contradicts the assumptions which are implicit in
the theory of the method.

A simple theory of the rod drop experiment may be derived from the reactor kinetic
equations. . If a reactivity change p is introduced into a reactor suddenly (p < B), the flux
level changes rapidly from its initial value 150 to a new value ¢. This change takes place before
the delayed neutron emitters come into equilibrium at the new flux level. The flux ratio
associated with the prompt drop {or jump) is

3& = 'Eél.—_pﬂ Eq. (8.24)

If the relationship
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is introduced, and if the reactor is just critical when the flux is g (k g = 1), the following
relationship holds

%ﬁ’— -Sa-p

where Ak = {keff - 1) is the change in keff introduced by the rod drop.

In applying this teghnique a chart record is made of the neutron detector level as a function
of time, starting immediately preceding the drop. The level 60 is proportional to the reading
immediately prior to the rod drop, while ¢ is proportional to the reading immediately after-
ward. The chart record following the drop may be extrapolated back to the time of the drop
to obtain an accurate value corresponding to ¢. Alternatively, the reading at a fixed time
following the drop may be taken and the level corresponding to $ calculated by use of the known

Eq. (8. 25)

delayed neutron yields and periods.

8.18 TEMPERATURE COEFFICIENT OF REACTIVITY

The temperature coefficient of reactivity is an important reactor characteristic. Despite
several schemes, good measurements of temperature coefficients are difficult to make. Four
methods of measurement are outlined below. The best method for a given experiment will
depend on the reactor characteristics and the type of instrumentation available.

(a) Constant-Temperature Calibrated-Rod Method. In applying this method, the reactor
is made critical at some given temperature, with a single calibrated rod used to adjust the

reactor. The position of the rod is noted for several temperatures with the reactor critical.
The temperature coefficient is derived from the known reactivity change and the measured
temperature change. The value derived for the temperature coefficient is usually assigned to
the mid-point of the temperature range from which it was derived.

The principal difficulty with this type of measurement is achieving adequate stability of

. temperature. This may require rather elaborate systems of heating and mixing of the water.

This measurement requires that the rod being used to compensate for temperature change
be calibrated. With substantial temperature coefficients of reactivity, or fairly large temper-
ature ranges, the rod calibration may vary with temperature. To avoid difficulties, the rod
may be calibrated as the measurement proceeds. The convenient way to do this is by the rod
oscillator technique. If this is not available, the rod-bump pericd technique may be used, but
this requires special techniques in order to compensate for temperature drifts during the
measurement.

(b) Constant-Temperature Period Method. This is a modification of procedure (a), and
is particularly useful in cases where the magnitude of the temperature coefficient is small-
With the reactor at a constant uniform temperature, the reactivity is made positive and

determined by measuring the reactor period and calculating the reactivity from the inhour
formula. After the reactor period is measured, the power is reduced by the motion of one or
more rods which can be repositioned accurately. The reactor is next heated to a new temper-
ature; when this becomes constant and uniform, the control rods are repositioned exactly to
their previous position. The reactor period, which is still positive, is again measured and
the corresponding reactivity calculated. The difference in the two reactivity values, divided
by the change in temperature, will give the value of the temperature coefficient.
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(c) Temperature-Drift Power-Drift Method. In applying the power drift technique to
measuring temperature coefficients, the temperature of the reactor is allowed to change
slowly, and both temperature and reactor power are measured continuously. In principle, the
temperature may be either rising or falling. In the experiments attempted, it has been found
expedient to heat the reactor to an elevated temperature and then cool it by allowing heat loss
to the room or by circulating cold water through the steam coils in the heat exchanger. These
procedures have resulted in a nearly uniform drop of a few degrees centigrade per hour, --a
change that can be measured accurately and that permits slow changes in power, which may
also be measured accurately. During the exberiment, the control rods are held fixed.

With a negative temperature coefficient, as the temperature falls, the reactivity slowly
increases, and the reactor power rises on an increasing exponential curve. Analysis of the
power curve obtained yields the rate at which the reactivity increases. - This quantity, coupled
with the rate at which the temperature decreases, yields the temperature coefficient for a
particular temperature and rod configuration. The temperature coefficient is given by the
equation

K(T) =28 % Eq. (8.26)

where k(T) = temperature coefficient of reactivity
T is the temperature
p 1is the reactivity
t is the time.

The rate at which the temperature changes with time is measured directly. The rate at
which reactivity changes with time may be expressed in terms of reactor power or neutron
level. One method by which this can be done is to deduce the reactor period as a function of
time. On the assumption that this is the asymptotic period, the reactivity as a function of
time may be calculated from the inhour equation. The two functions of time, reactivity and
temperature, yield the coefficient.

(d) Temperature-Drift Constant-Power Method. A modiflcatiqn of the above procedure,
which depends more on experiment and less on theoretical analysis of the data, consists of
the following procedure: The temper ature of the reactor is allowed to change slowly as above,
but the reactor power is held constant by continued adjustment of a calibrated control rod. The
reactor temperature and the position of the control rod are noted at frequent intervals. The
position of the rod as a function of time also allows an experimental determination of the rate
of change of reactivity as a function of time. This is divided by time rate of change of temper-
ature at any given time to yield a value of the temperature coefficient. =
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THE MEASUREMENT OF EXCESS REACTIVITY
AND SHUTDOWN REACTIVITY

by R. T. Bayard and W. H. Hartley

8.19 INTRODUCTION

Two of the more important measurements made on a mock-up critical assembly are those
which (1) allow an inference of the excess reactivity of the reactor with all control rods with=-
drawn, and (2) those which measure the degree of subcriticality of the reactor in its shutdown
condition with all control rods inserted.

The excess reactivity measurement is used in conjunction with a design calculation to
determine whether the reactor design is satisfactory. There are, in effect, two steps in the
application of this measurement to the design procedure. In the first step, the cold mock-up
results are used to check the degree to which the design procedure has succeeded in predicting
the critical configuration. This amounts to establishing the amount of uncertainty in the design
procedure. The second step is to extend the design procedure to the hot, end-of-life condition
in order to determine whether the design is satisfactory.

The shutdown reactivity can be estimated by extrapolation of rod bank calibrations, as
previously described. Another method, which is particularly applicable to tall thin cores such
as the PWR, involves a measurement of the buckling in the subcritical rodded portion of a
critical core. From this the kei‘f of the core with rods fully inserted may be deduced.

8,20 DIFFERENTIAL WATER HEIGHT EXPERIMENT

The differential water height experiment is one in which the reactor is made critical with
the water level at less than the full core height. The measurement consists essentially of two
parts: First, the measurement of the critical height of the water; second, the reactivity
worth of the water per unit change in water height. The theory of the method depends upon
the separability of the axial leakage of neutrons from the transverse leakage. For tall thin
reactors, such as the PWR seed, axial and radial separability would appear to be quite
reasonable; and it, therefore, seemed quite promising to apply this technique to the PWR seed
and blanket reactor.

As already noted, the basic assumption made in deriving the theory of this experiment is
that the neutron leakage is separable into an axial component and a transverse component. The

separability may be expressed analytically by writing

o ol
B“ = B_ + B, Eq. (8.27)

where Bz is the total buckling of the reactor, B? is the transverse buckling, and Bi. the axial
buckling, is given by
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2
B, =(‘ﬁ‘+'—wx ) £q. (8. 28)

where h is the reactor height and g the total axial reflector savings. If a one-group
expression is written for the reactivity,
202
keﬁ.-l_kw-{l-l-M B")

p= =
keﬁ. kﬂ

Eq. (8.29)

where MZ is the migration area; and if this expression is differentiated to form -g%. the result is

_g_E M2 882  2n2Mm?

- 5 Eq. (8. 30)
[--]

where H, the equivalent bare reactor height, is equal to (h + ) } Since -rm a pr Frty of
-1

the reactor material and is independent of reactor height, a plot of H versus -5-3) should
be a straight line according to this model. It is a necessary condition for the applicability of
this model that the experimental data should fit a straight line. Two sets of data will be
presented to illustrate the results on the PWR Flexible Assembly.

Figure 8.5 shows data taken with a slab assembly. The reactor consisted of a slab seed
6-inches thick, 36 or more inches long, and 6 feet in total height. PWR blanket subassemblies
were located adjacent to the sides of the seed. The blanket thickness was either 6 or 12 inches,
depending upon the number of rows of blanket material used. Control rods were available for
use in each of the seed clusters. The slab was made critical at different heights by several
methods. One method was by the variation of the number of rows of blanket material placed
next to the seed; another was by the variation of the length of the slab; and a third involved
complete insertion of selected control rods in the slab. It was found experimentally that the
moderator worth (9p/8z) versus height curves obtained by these methods were equivalent.

The solid line plot in Fig. 8.5 is a least squares fit to the experimental points. No syste-
matic deviation from the straight line can be seen; and so it must be assumed that the model is
reasonable. *

The same type of experiment was performed for the complete PWR mock-up. In this case
the reactor was made critical at various heights by inserting selected control rods into the
reactor core. The data are shown on Fig. 8. 6. Again the solid line is a least squares fit to
the experimental data.

Figures 8.5 and 8. 6 can be considered to represent verification of the model insofar as its
applicability to the particular configurations tested is concerned. As was noted previously,
the data for Fig. 8.5 were obtained by varying the amount of blanket material, the length of the
slab, or the control rod pattern. Points taken by the different methods are essentially
indistinguishable from each other. FPhysically, the quantity varied by each of these methods of
varying reactivity is the buckling in the transverse direction. The changes in the transverse

* It should be noted, however, that if the reflector savings is a linear function of height (i. e.,
A, =8 + bz), the data will still fit a straight line, but the slope will not be

22_1/3

(*25)
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buckling between different core configurations are compensatea by a vertical buckling change
to maintain criticality. The experimental data verify a specific prediction of the model,
namely, that the reactivity worth of the water increment is a function only of height.
The verification refers specifically to a reactor in which criticality is maintained at
various moderator heights by appropriate adjustment of the transverse buckling.

If, instead of adjusting the buckling to maintain criticality, we now imagine the reactor
to be made substantially supercritical by raising the moderator height at constant transverse
buckling, the resulting excess reactivity can be obtained by integration of the differential
curve. In particular, the excess reactivity of the reactor with all rods removed is determined
by integration of the differential moderator worth curve from criticality to full reactor height.

2
In Eq. (8. 30) the value of %is a property of the reactor material. For relatively
uniform reactors the value of this quantity could be calculated and the slope of the H vs (—g%)
line determined. A single experimental measurement which establishes a point on the curve,

-1/3

together with the slope, completely determines the curve. Alternatively, a series of experi-
mental points may be considered a measurement of (—Mg .

For reactors such as the PWR seed and blanket design, which are of non-uniform compo-
sition in the transverse plane, 'nlg cannot be calculated. Measurements such as those given
in Figs. 8.5 and 8. 6 not only verify the simple model being used to interpret the experiment,
but also provide an effective value of ('MK%) . From the data taken to construct these curves,
curves of differential moderator worth may be obtained. These are given in Figs, 8.7 and 8. 8.
Figure 8.7 is derived from Fig. 8.5, and Fig. 8.8 from Fig. 8.6,

One final point concerning the water height experiment should be noted. In performing the
experiment, the upper axial reflector consists of unmoderated fuel-bearing material at all
partial heights. To minimize the multiplication of this zone, the control rods are positioned
just above the water surface at all partial heights. The separation between control rod tips
and the water is carefully adjusted at each partial height. Thus the effectiveness of the fueled
reflector is reduced and is, in any event, maintained constant at all but full water height. At
full height the effect of a small change in reflector savings on the total buckling is insignificant
in reactors such as the PWR.

8.21 SUBCRITICALITY MEASUREMENTS BY NEGATIVE BUCKLING

The technique of subcriticality measurements through negative buckling is, like the dif-
ferential water worth measurements, one which depends on the separability of the axial and
transverse components of the buckling. Consider a reactor which is made critical by uniform
withdrawal of the control rods as a bank. In the region below the control rods the reactor
leaks neutrons transversely into the reflector and axially into the reflector at the bottom of the
reactor, and also into the rodded region in the upper portion of the reactor. If the upper
portion of the reactor is reasonably homogeneous with respect to distribution of control rods,
the axial distribution of flux will be a negative exponential over most of the rodded region.
The upper region will act like an exponential experiment, with the principal reacting zone of
the reactor below the rods providing the neutron source (this assumes that the rodded portion
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Fig. 8.7 - Differential Water Worth versus Height for Slab Reactor.

of the reactor has an effective multiplication constant of less than one with the control rods
present).

An axial flux distribution taken through the reactor will have a shape which is generally a
cogine in the reacting portion of the reactor and which is a negative exponential in the upper
portion of the reactor. Figure 8.9 is such a flux distribution. The portion of the flux map in
the rodded region can be fitted by a least squares technique to a function of the form.

$ = ¢, exp(-B,Z)

by the use of a special IBM-704 code, the EXFIT code (see Appendix F). From this fit, the
axial buckling B, is obtained.

The procedure by which the shutdown k.. is determined from the B, can be explained by
considering its application to a slab reaclor. As u first step, a set of few-group diffusion
constants are computed for the seed and blanket region of the core. These are obtained through
the MUFT code (see Appendix E). In the rodded region of the core the rod material may be
treated as additional scattering metal (zirconium) or neglected, i.e., treated as void. The
results are not sensitive to this choice, and for simplicity,we have preferred the latter. The
neutron absorption properties of the control rods are accounted for by the addition of distri-
buted poison in the seed region. This poison may be taken as a pure thermal poison, or
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Fig. 8.9 - Axial Flux Distribution.

separated into an epithermal and thermal poison. When separated, it is necessary to use
either an empirically determined value for the fast absorbtion or to set it as some fraction of
the thermal group absorbtion.

The appropriate value to be used for the thermal poison is determined by calculation,
using the thermal poison as the unknown in a one-dimensional criticality calculation. A slab
calculation is carried out by taking the x coordinate, for example, along the thin dimension of
the seed, the y coordinate along the length of the slab, and the z axis as the vertical dimension.
A criticality calculation in slab geometry is carried out using the WANDA code (see Appendix A).
The calculation is made along ‘the x-axis, with the spatial variations along the y and z axes
accounted for by use of measured bucklings. The By is determined by measurement of the
cosine distribution along the y axis. For B,, the value obtained from the exponential fit is
used.

The WANDA calculation is carried out using a search routine to determine EP. the thermal
group added poison, required for criticality. This value of Zp is taken to represent the thermal

absorption worth of the control rods.
The final step is to make a calculation of the reactor assuming the control rod bank is

fully inserted and that the rods are represented by the same Zp. The axial buckling is taken
to be positive and that corresponding to the full core height

B2- ()

where H is the full core height plus total axial reflector savings. The reason for this choice
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is that with the rods fully inserted the axial shape becomes a full cosine, and the net axial
leakage from the rodded core is now outward. A WANDA calculation airmlar to the first is
performed along the x-axis with this new axial buckling (and the same B as before) and the
eigenvalue determined. This eigenvalue is the effective multiplication constant of the reactor
with all rods fully inserted.

It has been found in practice that it is not necessary to find the exact Ep corresponding to
the control rod worth which makes the eigenvalue of the first problem unity. The ratio of the
eigenvalues of the two problems is essentially constant for a rather wide range of reactor
constants including £_. The ratio of the second problem eigenvalue to the first problem
eigenvalue is the desired shutdown k_g,.

This method has been found effective in analyzing a variety of seed and blanket critical
assemblies on the PWR.

INHOUR EQUATION CORRECTIONS
by W. H. Hartley

8.22 INTRODUCTION

In many reactor experimental techniques the primary experimental datum is a reactor
period. The period is converted to a reactivity value through use of the well-known inhour
equation.  This procedure can be the source of significant errors.

The experimental technique which is particularly vulnerable in this respect is the differ-
ential water-height measurement. In this experiment, the primary datum is the incremental
reactivity per unit change in water height. If the conversion of period to reactivity is in error,
the interpretation of the experimental data will also be in error. Other measurements which
are affected by this uncertainty are rod calibrations (and any deductions made from these
calibrations) and temperature coefficient measurements.

There are two distinct and different problems with the use of the inhour equation. The
first is associated with the uncertainties in the data on the total yield of delayed neutrons in
fission and the distribution of this yield among the various delayed groups. The second is the
solution of the reactor kinetic equation, taking into account the energies of the delayed neutrons
and the possibility of fast fission in the reactor.

8.23 DELAYED NEUTRON DATA

For many years, the accepted data on delayed neutron yields were those of Hughes and his
collaborators. ” More recently, Keepin at Los Alamos has reported results which are distinctly
different from those of Hughes. 5 The total yield of delayed neutrons per neutron emitted in
fission, B, is reduced from 0.00755, quoted by Hughes, for uranium-235 to approximately
0.0070 reported by Keepin. Another significant change is in the distribution of the yield among
the various groups.

Since the product of reactivity and period is approximately proportional to g for long periods,
the reactivity value associated with a given period will change proportionally to the change in B.
The actual change will depend in detail on the reactor period and the distribution of delayed
neutrons in the various groups.
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8.24 FORM OF THE INHOUR EQUATION

Generally, the inhour equation is derived for a bare reactor with a one-group treatment.
If account is taken of the fact that the delayed neutrons are emitted at lower energies than the
fission neutrons, it is clear that these neutrons will be more effective. This enhances the
effective value of B.

If uranium-238 is present, several additional factors enter. One is that uranium-238
emits more delayed neutrons in figsion than uranium-235. Another is the fast fission effect
in uranium-238, These effects tend to compensate, and the precise effect will depend upon the
distribution of the uranium-238 in the reactor.

It is possible, however, to derive an equation in the form of the usual inhour equation,
which includes the effects of U238 figsioning and the difference in age between delayed and
prompt neutrons. Such an equation has the form

t
p =% + -.;.3% Eq. (8.31)
1
where
A = prompt neutron lifetime
T = reactor period
t, = mean life of i*® group of delayed neutrons
Ei = effective fraction of delayed neutrons in the ith group.

6,7,8 h

It may be shown that B is the change in reactivity produced by the insertion of the it
group of delayed neutrons, properly distributed spatially into a critical reactor. It is thus
possible to calculate B by the following technique:

With the use of the WANDA code (see Appendix A), a four-group, one-dimensional criti-
cality calculation is made in the usual manner. The results of this calculation give the
unperturbed eigenvalue (\;) and the spatial distribution of delayed neutron precursors from
uranium-235 figsion. The distribution of delayed neutron precursors from uranium-238 fission
may be obtained by observing that fast fission takes place only in the first group of neutrons.
Thus the spatial distribution of neutrons in the i group may be computed. Using these delayed
neutrons as the source, a second criticality type calculation is made with diffusion constants
and absorption cross sections appropriate for neutrons with an energy corresponding to the
mean effective delayed neutron energy (in general we have used 0.5 Mev for all the delayed
groups). The calculation (one iteration through the energy groups) gives the value of the
effective multiplication constant (\4) of these delayed neutrons in one generation. Assuming
that the ratio ) d/ A, is constant regardless of the absolute values of the two eigenvalues, the
change in reactivity produced by insertion of the delayed neutrons is

Ag = M

A

p= Eq. (8.32)
and this is B. The values of B obtained in this manner for the PWR slab critical experiments
and for the PWR mock-up experiment are approximately 16 per cent higher than the uncorrected
B values.

In general, the experimental data reported in this volume which involve translation of
period to reactivity have been carried out using Hughes's data and the uncorrected form of the
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inhour equation. Where the corrections are important they have been made. The fact that

corrections have been made is noted in connection with the quoted data.
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