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PREFACE

This book endeavors to set forth, within the limits of a single volume,
the history, the development, and the technology of the boiling water
reactor. Although the boiling reactor is among the most recent of the
various power reactor concepts, rapidly occurring engineering develop-
ments and continued experimental investigations have placed this type
of reactor in a favorable position as a source of power from nuclear fission.
Among the more important achievements has been the demonstration that
the natural circulation boiling water reactor is capable of advantageously
high heat density operation. Moreover, recent operation of the Experi-
mental Boiling Water Reactor at Argonne National Laboratory at a
power level more than three times the designed thermal output provides
what is perhaps the most sudden and dramatic improvement in nuclear
power costs seen by the industry.

The purpose of this book is to describe what is known about boiling
water reactors for the practicing engineer who is already familiar with
the basic principles of reactor technology in general but who has not
had the opportunity to study boiling reactor systems in detail. The
boiling water reactor is somewhat unique in that its physical simplicity
belies the complexities of its operation. Because boiling reactors involve
the use of a liquid and vapor phase mixture, with cach of the phases
having different and varying neutron, thermal, and hydrodynamic char-
acteristics, the theory of this class of reactors is more complex and
difficult to understand than that of reactor types using single-phase
coolants and moderators. It is only recently that the interrelationships
of these varying parameters in boiling reactor operation are beginning
to be understood and that reactor designers have learned how to use
them in predicting boiling reactor performance. Admittedly, problems
still exist which must be solved before boiling reactors can become eco-
nomically competitive central station power plants, but the favorable
operating performance of the boiling cycles to date attest to their attrac-
tiveness for central station use.

Since the boiling water reactor is uniquely a contribution to nuclear
technology of the Argonne National Laboratory, it is fitting that this
book was prepared under the auspices of the Argonne, and .with the
assistance and cooperation of its many scientists and engineers who
conceived the boiling principle and brought it to its present state of
development. While much of the material in this volume is contained
in previously published laboratory reports and papers in various journals,
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vi PREFACE

the information is scattered; the essential objective of this book has
been to collect this diverse material and present it in a single volume.
Those interested in more detailed technical data can consult the original
sources of information, but they should find the outline of the technology
presented here of value in pursuing further study. The Atomic Energy
Commission publications listed among the references are available for
inspection at the Commission’s depository libraries in the United States
and abroad and are sold by the Office of Technical Services, U. S. De-
partment of Commerce, Washington 25, D.C.

In presenting this volume, I am conscious of the fact that the state
of boiling reactor technology is still such as to permit differences of
opinion and judgment. There are varying degrees of enthusiasm among
various individuals engaged in the development of boiling reactors con-
cerning the merits of different systems and concepts, and it is not always
possible to resolve such conflicting opinions to everyone’s satisfaction.
Where such conflict of opinion exists T have had to rely on my own
knowledge and judgment in presenting what scemed to me to be the
most acceptable interpretation in terms of the present state of the art.
Throughout, T have sought the most authentic sources of information
and while the volume refleets the thinking of the highest and most com-
petent authorities in the field, the presentation must, of necessity, reflect
my own judgment.

The presentation, to a large extent, is chronological. The book begins
with a brief history of the boiling water reactor concept and a deseription
of the early experiments on boiling processes and rates of heat transfer
under boiling conditions. This is followed by a general discussion of
basic principles and descriptions of various boiling reactor cycles, in-
cluding consideration of requirements respecting safety and stability,
heat transfer, and radioactive carryover in the stcam.

Since the experimental investigations leading to the practical develop-
ment of the boiling reactor provided significant design data, a detailed
description is given of the various BORAX cxperiments. The early
BORAX data was reported in considerable dctail at the 1955 Geneva
Atomic Conference but it is included here because it forms an essential
part of the development of the boiling reactor, and many readers may
not have convenient access to the original reports on these tests. Con-
siderable emphasis is given to the recent work with BORAX-IV, involving
the development of oxide-type fuel elements, since this type of fuel gives
promise of operation at considerably higher temperatures than those
used at present.

The physics underlying boiling reactor design is quite involved; con-
sequently the chapter concerned with the design of boiling reactor systems
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is one of the most important in the book. This section discusses the
effects of steam formation on reactivity, the influence of pressure and
temperature, and the interrelationship of the hydrodynamic, thermal,
and nuclear processes. Here also are defined such parameters as steam
fraction, reactivity worth, steam coefficient of reactivity, and other
terminology unique to boiling reactor designs.

Two entire chapters are devoted to the history, development, and opera-
tion of EBWR, the Experimental Boiling Water Reactor at Argonne.
Here again, because of its intrinsic importance, material is included
which is available in other works. A detailed description also is given
of the Vallecitos boiling reactor of the General Electric Co. The partic-
ular significance of this plant lies in the fact that it serves as a pilot
plant for testing components going into the construction of the 180,000-kw
Dresden Station which will be the first large commercial boiling water
reactor to go into operation. Although Dresden Station is still under
construction, the design data are sufficiently crystallized to warrant a
separate chapter. Other boiling reactor projects are described insofar as
design details are available.

A final chapter is devoted to current and future research development
programs on boiling reactors, with particular emphasis on the SPERT
project being conducted for the AEC by the Phillips Petroleum Co., at
the Tdaho Testing Station. The place of boiling water reactors in future
nuclear power development is diseussed and brief consideration is given
to studies involving the development of very large boiling water reactor
power plants using heavy-water moderator and coolant, and possibly
nuclear type superheaters.

In the preparation of this book I have received invaluable help from
a large number of individuals; indeed, without their assistance I could
not have succeeded in putting the material together. At the Argonne
National Laboratory, through the able assistance and guidance of Dr.
Hoylande D. Young, I had at my disposal the entire resources of the
Technical Information Division for source material. At Argonne, too, I
had the opportunity of personal interviews and discussions with the vari-
ous members of the EBWR staff and of other departments of the
Laboratory. The number of people to whom I am indebted for help is
so large that it is not possible to express my appreciation by mentioning
all their names but I particularly want to thank J. M. Harrer, Project
Manager of EBWR, V. C. Hall, J. A. DeShong, Jr., J. A. Thie, W. R.
Wallin, E. A. Wimunc, W. C. Lipinski, P. A. Lottes, and E. A. Bailey,
all of Argonne National Laboratory, for their invaluable advice and
guidance. Chapter 8, devoted to ALPR (the Argonne Low Power Re-
actor), is based entirely on the paper by C. R. Braun and his colleagues,
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to be presented at the 1958 Geneva Conference. The two chapters on
EBWR are based on the comprehensive ANL report issued in May,
1957, and thanks are due to all the many individuals who contributed
to that report.

Valuable advice and personal assistance were also give me by officers
and staff members of General Nuclear Enginecring Corporation at
Dunedin, Fla., in particular by Dr. W. H. Zinn, President, and Dr.
J. R. Dietrich, J. M. West, and H. V. Lichtenberger, Vice Presidents, all
of whom participated at Argonne in the early days of boiling re-
actor development. In the chapter deseribing the BORAX experiments
specific credit is extended to a number of individuals who participated
in the early BORAX work. The fact that Dr. Zinn’s name, or the names
of West, Lichtenberger and Dietrich are not mentioned in these references
i8 not an oversight. The fact is, it is difficult to find an adequate way
of crediting their work.  This is particularly true of Dr. Zinn, yet it is
generally recognized that his personal contribution to the development
went far beyond those which might be considered in absentia. Without
the on-the-spot work of Zinn and Lichtenberger the BORAX experiments
would never have been completely successful. As it was, they found
more time for doing things than for writing about them; consequently
their work is not adequately reflected in the authority of the BORAX
report.

I also wish to express thanks to Samuel Untermyer of General Electric
Company’s Vallecitos project, not only for his enthusiastic help in supply-
ing data and information for the description of the Vallecitos reactor bul
also for his help in acquainting me with the early history of the boiliug
water concept which he promoted so vigorously from the beginning.

For the details of the Dresden Station credit is due to the Nuclear
Division of the Commonwealth Edison Co. of Chicago, in particular to
Mr. J. J. Poer, project engincer of Dresden and to H. G. Carson, staff
engineer. For the description of the Elk River plant T am indebted to
H. Etherington of Nuclear Products — ERCO, Division of ACF Indus-
tries. C. B. Graham of Allis Chalmers supplied data on the Northern
States Power nuclear plant, and C. C. Whelchel of the Pacific Gas &
Electric Co., material for the Humboldt Bay plant outline.

For review of the various chapters, I am indebted to the members of the
Argonne staff already mentioned, and especially to Dr. Stuart McLain
for his review of virtually the entire manuseript. His many valuable
suggestions and critical advice have added materially to the accuracy
and continuity of the book.

Lake Bluff, Illinois AnprREw W. KRAMER
July, 1958
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CHAPTER 1
INTRODUCTION

Water-cooled, water-moderated nuclear reactors are classified, broadly,
into two types: the boiling type, and the nonboiling type. Each of these
has its particular advantages and disadvantages and both types are
under commercial development in the United States and elsewhere at the
present time. The purpose of this book is to review the status of the work
on the development of the boiling water reactor in the United States with
some reference to foreign developments where information is available.

To enable the reader to view the development of the boiling reactor
against its historical background, this opening chapter will be concerned
largely with a chronological account of the events which led to the design
and construction of the two boiling reactor power plants now in actual
operation, namely, the Experimental Boiling Water Reactor at Argonne
National Laboratory and the Vallecitos reactor of the General Electric Co.
The subsequent chapters will cover these events in greater detail and also
will cover boiling water reactor technology to date.

The development of the boiling water reactor is comparatively recent in
the field of reactor technology. In the early days of power reactor de-
velopment, the period, say, between 1948 and 1953, only the nonboiling
type of water-cooled reactor received serious consideration. The general
attitude toward boiling in a water moderated reactor at that time was not
that such operation was not feasible, but rather that the chances for its
feasibility appeared poor. It was felt that no water-moderated reactor
could be designed to utilize boiling unless experiments first proved it
feasible. In those early days the general technology of water cooling of
reactors at high temperatures was not developed; consequently the boiling
reactor could not be looked upon as an improvement in an existing tech-
nology, but rather as a reactor type which would have to be developed
more or less from scratch. Those interested in power reactor development
had other things on their minds, and in most cases time, money, and,
particularly, enriched uranium were not easily available for an experiment
to test the feasibility of the boiling water reactor concept.

During the war years, the graphite-moderated plutonium production
reactors had been built at Hanford in the State of Washington. These
reactors produced enormous quantities of heat which had to be removed.
So cold water was pumped through the fuel channels to carry away this
heat. From the beginning, the operation of these production reactors was
successful but the operating temperature was necessarily low, and no

1



2 BOILING WATER REACTORS

boiling of the cooling water occurred. Throughout the Manhattan Project
it was generally believed that boiling would make a nuclear reactor un-
manageable. The prevailing opinion was that delays and disturbances in
the boiling process would have effects on the multiplication factor, k,
which would be out of step with reactor power, leading to large and un-
controllable oscillations. Today, it is known that such oscillations do
occur under special conditions in boiling reactors, but they are not con-
sidered necessarily dangerous or unmanageable.

As an illustration of this early attitude in regard to boiling in reactors,
the Manhattan District Patent Officer wished to cover all possible types
of reactors by patent, so he prepared an application, OSRD-97, on “cooling
a reactor by latent heat of evaporation of a liquid,” filed in the name of
one of the principal scientists associated with the project. When appraised
of this action, however, this distinguished scientist asked that the applica-
tion be withdrawn, so the Patent Officer wrote a letter withdrawing the
application, stating in part, . . . in view of the indication that no way
had been worked out for controlling a reactor of the type under considera-
tion, the case will be given inactive status until such time as an operative
device can be disclosed.”!*

Throughout the following years, water reactor designers avoided boiling
in all the reactor projects then underway. During this period a number of
water-cooled reactors were built: the Hanford reactors; CP-3 and CP-5 at
Argonne National Laboratory; MTR, the Materials Testing Reactor in
Idaho; the Savannah River Reactors; NRX, the Canadian reactor at
Chalk River, Ontario; and STR, the Submarine Thermal Reactor for the
first atomic submarine, Nautilus. In all of these designs the water temper-
atures were maintained below the boiling point even under the most severe
operating conditions, and in most cases the metal surfaces were kept be-
low the boiling point so that there was no possibility of local boiling.
Considerations of design avoided boiling mainly to avoid loss of flow
burnout.

During 1947 work was initiated by the Canadian Research Council at
Montreal, using local surface bgiling to transfer large heat fluxes from the
inside of small electrically heated tubes. Using high water flow rates with
the water kept well below the boiling point, heat transfer rates exceeding
one million Btu per sq ft per hr were obtained when the tube wall temper-
atures were raised above the water boiling point. This work was reported
by Knowles in the Journal of the National Research Council of Canada.
The data stimulated exploratory interest in the United States and in
Canada in permitting some local surface boiling in reactors; bulk boiling
was still considered impractical.

*See the references at the end of the chapter.
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In 1948, just before the AEC power reactor program was centralized at
Argonne National Laboratory, the newly formed AEC Advisory Com-
mittee on Reactor Safeguards was considering the location of the Clinton
High Flux Pile—later built as the Materials Testing Reactor in Idaho.
This reactor used aluminum-plate fuel elements cooled by light water.
The design had been developed at Oak Ridge. The principal hazard
envisaged by the Safeguards Committee in evaluating this design was
that the circulating water pump might fail and that the afterglow heat
would melt the fuel even though it was kept under water. There was also
some doubt as to whether steam could be formed fast enough to shut the
reactor down if the control system malfunctioned. These apprehensions
were quite needless because there was evidence available even at that
time to prove that there was little likelihood of the fuel melting from
afterglow heat as long as it was kept under water.

The question of the possible melting of the fuel elements was, of course,
only one aspect of the situation. The general belief that boiling water
reactors would not be stable was certainly supported by the information
available at that time. Speculative calculations suggested that reactors
might require smooth and delicate control, whereas the very nature of
boiling is rough and boisterous; so it was anticipated that the collapse of
steam bubbles might initiate sudden and unsafe fluctuations in reactivity
and power.

Despite these questions, the idea of the boiling reactor persisted, be-
cause the direct generation of steam within the reactor vessel itself is the
most straightforward way of removing heat from the core of the reactor.
By utilizing the latent heat of evaporation of water it is possible to extract
heat at high rates. Also, if steam could be generated within a boiling
reactor and fed directly to a turbine, heat exchangers could be eliminated
and large expensive pumps would not be needed if good natural circulation
of water in the reactor could be obtained.

There was another aspect of boiling water that entered into the thinking
of reactor designers: that of safety from a nuclear standpoint. One of the
important characteristics of a nuclear reactor is the degree of hazard
which it creates in the surrounding area. If the usefulness of reactors,
either for research or for power production, is to be exploited effectively,
the hazards must be eliminated or minimized, since isolation of a reactor
compromises its utility and increases its cost. It is, therefore, important to
find means for evaluating the hazards of specific reactors and methods of
improving the safety of reactors in general.

The ultimate question in an evaluation of reactor safety is the question
of what will happen if the reactor is inadvertently made supercritical and
allowed to “run away”’ without any artificial limitation of its power. For,
although safety devices which impose artificial limitations will certainly be
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provided in the design of any reactor, the possibility of their failure, as well
as the consequence of their finite speed of operation, must be recognized.

In general it can be said that the reactivity of any reactor can be related
to its power level once the power has become sufficiently high to cause
significant changes in the temperature of the reactor parts. At moderate
power levels this dependence can be such as to cause the reactivity either
to decrease or to increase with power level, depending on the design of
the specific reactor, but eventually at some power level any runaway re-
actor will become subcritical, through some degree of disassembly of itself
if not by other means. The safety question has to do with how violent the
energy release becomes before the eventual shutdown is achieved.

The more important ways by which increasing power can cause a re-
actor to lose reactivity are by expansion of the fuel, by heating and
expansion of the moderator, and, if strong resonance absorbers are present,
by Doppler broadening of the resonances. In many cases the unknowns in
the magnitude of the applicable effects and in their speeds of operation
make safety evaluations quite uncertain.

The most straightforward way of evaluating the unknown aspects of
the reactor shutdown process is by experiment or, better yet, by observing
experimental runaways of actual reactors. As reported in the following
chapters of this book, many experiments and observations of the perform-
ance of reactors under runaway conditions have been made, particularly
on two types of reactors which have favorable power-limitation char-
acteristics, the water-moderated, solid fuel reactor and the water-moderated,
homogeneous reactor.

Homogeneous reactors, using a fuel solution of enriched uranium in
water, can, in general, be designed to have a negative temperature co-
efficient of reactivity. The negative coefficient results primarily from
thermal expansion of the fuel solution, which decreases not only the
density of the moderator but that of the fuel as well and causes it to
expand into pressure reservoirs. The coefficient is quite large for small
reactors with high neutron leakage. Iurthermore, since the heat of fis-
sion is liberated directly in the fuel solution, the action of the negative
coefficient is very rapid, and insofar as such reactors can limit their power
by temperature coefficient alone, they can be expected to be effectively
protected against destructive runaways.

Water-moderated, solid fuel, heterogeneous reactors may derive a certain
degree of power limitation from the Doppler coefficient if they contain a
large fraction of U2*%, Beyond this, power limitation comes from the
moderator temperature coefficient and increased neutron leakage from the
core due to expulsion of moderator from the reactor core by the formation
of steam at the hot surfaces of the fuel elements.
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PRELIMINARY INVESTIGATIONS

The early experiments conducted at Argonne National Laboratory
showed that the expulsion of moderator by steam can be very rapid.?'?
During the early part of 1949 an experiment was set up to establish the
amount of heat that an MTR (Materials Testing Reactor) fuel assembly
could dissipate when immersed in a bath of water. Since each assembly
in the reactor generated about 1200 kw during operation, a demonstration,
involving the removal of about 80 kw of heat by boiling, would serve to
dispel fears of melting due to afterglow fission product heat. The alumi-
num fuel element was divided by a saw cut so that low voltage electric
current could pass down one side and up the other side to provide heating.
The fuel element was tested in a barrel of water. Power was supplied by
a 150-kva, low voltage surplus transformer.

In the course of the experiment it was found that the available heating
capacity of 90 kw was insufficient to overheat the fuel element. The re-
sults of this first crude experiment were encouraging and it was decided
that further work should be done along these lines.

This first experiment was primarily concerned with heat transfer.
Another question required an answer and this had to do with safety of a
boiling reactor. In connection with the design of CP-5, the Argonne
Heavy-water Research Reactor, it was necessary to demonstrate that
steam could be formed fast enough to shut the reactor down before the
fuel plates would melt, even if the controls failed to shut down the reactor.
So another series of experiments was. started.

In this work, water-filled metal tubes from 1 to 4 ¢m in diameter and
from 10 to 30 ¢m in length were suddenly heated by the momentary pas-
sage of low-voltage alternating current, as shown in Fig. 1-1. The current
was furnished by the low-voltage winding of a transformer. At first a
simple switch was used to apply the burst of current through a small
Variac transformer to a water-filled tube which formed part of the single
turn secondary of the Variac. Surprisingly, water was expelled from the
tube by steam formation within milliseconds after the current was applied.

Later, a demonstration was arranged in which the water as it was ex-
pelled from the tube actuated a switch to turn off the power. With this
automatic shut-off arrangement the tube never melted, but if the switch
was not opened, it would melt within a fraction of a second. In later
experiments, the duration of the transformer primary current surge was
more accurately controlled by means of an ignitron tube, as shown in
Fig. 1-1.

Sufficient power was available to heat the tube walls to over 500 F
within 0.01 sec. Tests were performed both with water at the boiling
point and with water subcooled below the boiling point. A typical test
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Fic. 1-1. Typical record of water expulsion test. Expulsion from a %s in.
inside diameter 0.015-in. wall copper tube, 6 in. long, started in 0.003 sec.

record of one of these experiments is shown in Fig. 1-1. Steam formed
within the tube started to expel water within 0.003 sec after the power
was applied.

Thus, it appeared that this process was fast enough to control a reactor.
Originally the experimenters had thought that boiling might be able to
control slow-acting heavy-water reactors, but the speed with which steam
was formed in these experiments convinced them that other types of re-
actors, notably light-water moderated reactors, could also be controlled.
In fact it was difficult to conceive of any realistic thermal runaway so
rapid that it would outrun the bubble formation mechanism.

This knowledge was encouraging because time delays in bubble forma-
tion were of utmost importance in reactor self regulation. Most thermal
reactors have prompt-neutron lifetimes ranging from 107° to 1072 sec. If
a typical reactor has a neutron lifetime of 10™* sec, then a sudden increase
in reactivity to 1 per cent beyond prompt criticality would cause the re-
actor power to increase by a factor of 2.7 in 0.01 sec. To quench such
reactivity excursions before the fuel plates melt, steam bubbles must
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appear within a few hundredths of a second. It was for this reason that
the experiments started in 1948 were important.

Early in 1950 a proposal was submitted by Argonne for an experiment
to be conducted at an isolated location, such as Frenchman Flats in
Nevada. The purpose of this experiment was to seek answers to the
following questions:

1. Would steam formation actually limit the extent of a reactor power
excursion, so as to act as a dependable second safety system?

2. Would boiling control an actual reactor, and would such a reactor
produce useful amounts of power?

The proposal stipulated the following specifications:

1. The reactor should use light water as a moderator, using available
MTR fuel elements.

2. The tests should be conducted at an isolated spot with the control
room 14 mile from the reactor site.

3. Transients, involving attempted destructive tests, should come first,
so the reactor would be proved safe before steady operation was
attempted.

4. All equipment should be simple and portable. A recommendation
was made that the control room, reactor, and water supply system
each be mounted on separate trailers. As described later, actually
the control room was on a separate trailer but the reactor was in-
stalled in a hole in the desert.

5. Control might be achieved without rods by raising or lowering the
water level in the reactor. (This was tried and worked very well but
control rods were also provided in the actual experiments.)

6. Calculations were submitted to show that either a light- or heavy-
water boiling reactor was feasible, provided the tests did not uncover
unexpected difficulties.

This, then, was the original proposal for what later came to be known
as the BORAX experiments.* This proposal received considerable detailed
attention within the Argonne National Laboratory, particularly from
members of the Reactor Engineering Division. In the course of discus-
sions on the plan, calculations were presented showing that boiling water
reactors would be impractical if Stokes’ Law assumptions for rate of steam
bubble rise through water were applicable. If Stokes’ Law was valid in

* The basic proposal was made by S. Untermyer and is referred to in ANL-
4774 and 4831. Numerous working memoranda were consulted in drawing up the
plan of the experiment and acknowledgment is made to W. H. Jens, N. L. Krisberg,
P. A. Lottes, R. R. Rohde, W. P. Staker, F. W. Thalgott, M. Treshow, S. Unter-
myer, and J. M. West for assistance in the project.
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Fie. 1-2. First proof that usable amounts of power could be obtained through
the use of the boiling prineiple was obtained with this laboratory apparatus.
Electrically heated plates produced steam velocities greater than predicted
theoretically.
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this case, it was shown that the assumptions would lead to steam slip
velocities lower than 3 ft per sec. Thus, the performance of boiling re-
actors would be unsatisfactory.

Others who had been involved in these early experiments from the
beginning questioned whether Stokes’ Law was applicable in the case
under consideration, so another series of experiments was started to de-
termine how much power could be removed by natural circulation under
boiling conditions. Tests with the MTR fuel elements were difficult to
understand if Stokes’ Law was applicable. In the MTR element heating
experiments, the steam flow area was about s sq ft while 90 kw of heat
energy was applied, corresponding to steam production at the rate of 2 cu
ft per sec. Thus, even if there were no water in the channel, the steam
velocity leaving the fuel would have to be at least 30 ft per sec, which
seemed incompatible with a Stokes’ Law model. A typical set-up of one
of these experimental arrangements is shown in the photograph, Fig. 1-2.

The success of the preliminary experiments on heat transfer and steam
formation led to the decision to proceed with large-scale experiments with
actual nuclear reactors in accordance with the proposal made to the AEC.
These were named BORAX from Boiling Reactor Experiments, and it
was decided to construct the reactor at the AKC National Reactor Test-
ing Site in Idaho instead of at Frenchman Flats as originally suggested.4:s

In the meantime it was believed that more data were needed for the
design of practical boiling reactor power plants in the event that the
BORAX tests were favorable. So ‘further tests were made. Using a
direct-current power supply, steam was generated in an electrically heated
element made by winding a thin plate into a spiral. The steam content of
the boiling mixture in the assembly was measured using a Geiger tube to
determine the attenuation of gamma rays from a cobalt source. Cobalt,
however, proved too energetic for this purpose and poor accuracy was
obtained, but there were strong indications that the single bubble, Stokes’
Law model was inadequate. Next, the much larger electrically heated de-
vice shown in Fig. 1-2 was designed and constructed. In this case a much
larger rectified power supply was used. The heated assembly was an
accordion type element made from a single sheet of stainless steel. In
this case the void fraction was measured by means of a sensitive densi-
tometer with x-rays obtained from a thulium-170 source. This radiation
passed through the boiling section and was detected with a sodium iodide
crystal and photomultiplier, the latter being connected to a fast response
recorder. The recorder could then be used to measure either the steam
void fraction or its variation within the heated section. Glass tank walls
were provided for visual observation, and operation was limited to atmos-
pheric conditions,



10 BOILING WATER REACTORS

Encouraging information from this test, in which steam velocities as
high as 70 ft per sec were measured, led to the construction of a larger
test, designed to operate at pressures up to 150 psi. This unit had a 5-ft
heated assembly with plates spaced 14 in. apart. It had previously been
found that plate spacing had little effect on void content, as measured at
atmospheric pressure in the first test unit. In the larger unit, power
release up to 300 kw could be dissipated. This unit included a condenser
to remove and condense the steam, and improved control equipment.
This work is summarized in an article published in July 1954.2

With the improvement noted at high-pressure operation, steps were
taken to construct a still higher power test apparatus, and an alternating-
current unit was designed using the 150-kva transformer as the power
source. This unit with a heated length approximately 4 ft long, could
operate at pressures up to 600 psi.

These first experiments at Argonne National Laboratory indicated that
boiling reactors might prove feasible insofar as heat transfer, steam forma-
tion, and steam velocities were concerned. Data were still needed con-
cerning the effect of steam voids on reactivity and this, of course, involved
the question of safety in boiling reactors. Would the formation of steam
voids in the core of the reactor be effective in shutting down the reactor?
It was primarily to answer this last question that the BORAX experiments
were conducted at the AEC Reactor Testing Station in Idaho.

Tae BORAX TEesTs

To date, the BORAX experiments can be divided roughly into four
groups, in terms of the differences in the reactor arrangements. These
experiments are described in detail in Chapter 3 and only the essential
features of the four groups will be considered here.

The first of these experiments, known as BORAX-I, was conceived as a
means of determining whether,or not the formation of steam in the re-
actor would reduce the reactivity and so cause the system to become
self-regulating. During the summer of 1953, BORAX-I not only demon-
strated that a boiling reactor has a high degree of inherent safety in its
ability to shut itself down in a power excursion, but also that it can operate
stably under certain conditions. BORAX-I was a nonpressurized reactor
and tests were run with water at various temperatures.

After additional tests in the summer of 1954, BORAX-I was destroyed
in a violent subcooled power excursion by the sudden formation of steam
in the reactor vessel.® Shortly thereafter a new reactor known as BORAX-
II was constructed nearby, utilizing the same control equipment and many
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of the actual parts of BORAX-I which had been salvaged after the explo-
sion. This new reactor was capable of operation at 300 psi and, with twice
the BORAX-I core volume, delivered about 6 Mw.

In 1955, BORAX-III was installed. This was essentially a new core in
the same pressure vessel used for BORAX-II, and at the same time a
turbine and generator were added to provide a complete power generating
system.

The first three BORAX reactors used enriched uranium-aluminum fuel
elements. In 1956, BORAX-IV was designed using oxide type fuel ele-
ments and a new operational program was undertaken, as described in
Chapter 3.

BORAX-III was the first direct cycle boiling water reactor power plant
to be built. Its heat rating was about 15 Mw and it delivered steam to a
turbine-generator unit of 3500 kw electrical capacity. During operation,
this plant produced up to 16 Mw of heat in the form of 300 psig steam.
At 16 Mw the average power density was 28 kw per liter of core and the
amount of reactivity controlled by steam voids was about 2 per cent.
Under these conditions the reactor was stable but oscillations in power
level were of objectional magnitude, so the reactor was usually run at
about 12 Mw. The average density then was 22 kw per liter and the re-
activity controlled by steam voids was about 1.5 per cent. Under these
conditions short period fluctuations in power level did not exceed 4 per
cent. Because the total heat transfer surface was large, the average flux
was only 40,000 Btu per sq ft per hr. -

One of the uncertainties in the boiling reactor system was the amount
of radioactive carryover that would be present in the steam passing to the
turbine; indeed, this aspect of the boiling reactor caused considerable con-
cern. The BORAX experiments dispelled much of the apprehension on
this point because it was found that the radioactivity carried over was
even smaller than had been anticipated.

Almost all of the radioactivity in the coolant of a water-moderated and
cooled reactor, assuming that the water is pure, is due to short-lived
oxygen decay. There are two principal activities in oxygen:

O + nypermat — 0'%(29 sec) — F° + 8 + v (1.6 Mev)
and 0%+ np — N4 p,
N6(7 sec) — O'® + 8+ v (6 Mev).

The second reaction predominates, but neither reaction is very probable,
so that the actual activity encountered in the coolant of a water-cooled
reactor is not serious.
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The fact that the coolant in the boiling reactor leaves the reactor in the
form of steam is a distinct advantage. The gammas produced during the
N6 decay are extremely hard, so that large thicknesses of dense shielding
are required to reduce the radioactivity to a tolerable level. The velocity
of steam can be many times higher than the velocity of water, since its
density is much lower. Thus the amount of coolant contained in the
piping external to the reactor is much lower when the coolant is handled
in the form of steam than when water is used in the form of liquid.

Another factor of importance is that a boiling reactor is basically a
distillation system, and the concentration of non-volatile impurities in the
steam is very much less than in the reactor water. Actually the amount
of radioactivity in the steam above the reactor water level is some 10,000
times less than in the water itself. The great bulk of radioactivity is con-
centrated within the shielded reactor tank.

With the availability of the heat transfer data from the electrically
heated tests conducted at Argonne, and following the gratifying success of
the early BORAX work, a proposal was developed for a larger boiling
reactor plant to be built at Argonne, near Chicago. During the winter of
1951, this proposal was presented to the ALEC General Advisory Com-
mittee in Washington, D. C., as a basis for an Argonne Laboratory Reactor
Construction program. Lventually, in 1954, this early move led to
Argonne’s proposal to build a 20 Mw Experimental Boiling Water Reactor
power plant as part of the Atomic Energy Commission’s five-year program
for the development of power reactors. On the premise that this type of
reactor had attractive inherent safety characteristics, it was suggested in
a preliminary hazard report’ that this reactor should be constructed at the
Lemont site of the Laboratory. After reviewing this preliminary evalua-
tion, the Advisory Committee on Reactor Safeguards concluded that ‘““the
operation of this reactor at the Argonne site should not present undue
hazards if adequate containment is provided.” In the early proposal this
project was known as the Boiling Experimental Reactor (BER) but it
was later renamed the Kxperimental Boiling Water Reactor (EBWR).
Construction of EBWR was started in 1954 and the plant began operation
late in 1956. The plant was designed by the Argonne National Laboratory
staff working in collaboration with the engineering firm of Sargent &
Lundy of Chicago, and Allis-Chalmers Mfg. Co.

EBWR was the first demonstration boiling reactor power plant to be
completed. The success of the BORAX-I, II, and III experiments, how-
ever, had not gone unnoticed, particularly since they had been fully de-
scribed at the first Geneva Conference on the Peaceful Uses of Atomic
Energy in 1955, and several other organizations had become interested
in boiling reactors.
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RECENT BoiLiNG REACTOR DEVELOPMENT

Early in 1955, General Electric Company signed a contract with Com-
monwealth Edison Company of Chicago, Ill., and the Nuclear Power
Group, Inc., to build the 180,000-kw Dresden Nuclear Station near Chicago.
This station, the largest all-nuclear power station yet scheduled in the
United States will be a boiling water reactor plant, but unlike EBWR,
which is a direct cycle plant, Dresden Station will use a dual-cycle boiling
reactor, this being partly direct and partly indirect, bridging the gap be-
tween boiling and pressurized reactors. Construction on this station was
started in the spring of 1957 and it is scheduled for completion early in
1960.

General Electric officials believed that a small development plant was
needed to assure success of the full-scale Dresden reactor, and in the spring
of 1955 a proposal was made for the construction of a 2500-kw (electrical)
reactor to be used to develop operational data for application to the
Dresden design. Shortly thereafter, the size of the proposed reactor was
increased to 5000 kw and the Bechtel Corporation of San Francisco was
chosen as engineer-constructor for the project. Bechtel also is the engineer-
contractor for the Dresden Station. This developmental boiling water re-
actor, which is a part of General Electric’s Vallecitos Atomic Laboratory
near Pleasanton, California, will serve initially as a pilot plant for the
Dresden Station. It constitutes a major part of the over-all experimental
facility. .

Shortly after the decision was made to build this reactor, the Pacific
Gas & Electric Co., a member company of the Nuclear Power Group,
agreed to participate in the developmental reactor project by supplying a
turbine-generator which would use the steam produced by the reactor.
The utility agreed to contribute $572,000 toward the turbine-generator
installation and to operate the generating facility as a part of its regular
electric network. By December, 1956, major buildings of the reactor in-
stallation were in place, and by the end of the winter construction work on
the interior of the reactor containment vessel was completed and installa-
tion of the equipment started. Construction was completed by mid-June
1957, and after a thorough inspection by the Atomic Energy Commission,
a license to carry on ‘‘critical experiments” was issued by the Commission
in July 1937. On October 24, less than 17 months after groundbreaking,
the reactor and the power generating installation went ‘“on line” at full
power, and 5000 kw of nuclear energy generated electricity began flowing
into the Pacific Gas & Electric system. Thus, Vallecitos became the
second boiling water reactor power plant to go into commercial operation
as a supplier of electric power.
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TaBLE 1-1

REACTOR CHARACTERISTICS

Maximum Fuel
Reactor pressure, Fuel conduc- Operator Sponsor
psig material tivity
BORAX-I 130 Al + U0 high Argonne USAEC
BORAX-II 300 Al + U%» high Argonne USAEC
BORAX-III 300 Al + U8 high Argonne USAEC
BORAX-IV 300 ThO, + U2® low Argonne USAEC
SPERT-I 0 Al + U2 high Phillips USAEC
Petroleum
EBWR 600 U-Zr-Nb (1.449, | inter- Argonne USAEC
enriched) mediate
Vallecitos 1000 Stainless steel + | high General General
U Electric Electric and
Pacific Gas
and Electric

Vallecitos differs from EBWR not only in the fact that it is arranged
for dual-cycle operation, if desired, but also in that it operates at a steam
pressure of 1000 psi, whereas EBWR is designed for operation at 600 psi.

Commonwealth Edison Company’s Dresden Station, when completed
in 1960, will probably be the first really large-scale boiling reactor plant in
the world, and will be the largest all-nuclear plant in the United States.
It is located in Grundy County, Illinois, west of the confluence of the
Kankakee and Des Plaines Rivers, approximately 50 miles southwest of
Chicago. Like Vallecitos, Dresden will operate at a steam pressure of
1000 psi. The dual cycle has as its objective removal of additional heat
without exceeding the maximum allowable steam volume in the core.
This is accomplished by removing heat from the saturated recirculating
water and then pumping the cooled water back into the reactor. The
heat so abstracted from the recirculating water is delivered to an inter-
mediate stage of the turbine in the form of steam at a pressure approxi-
mately half of that leaving the reactor.

The boiling reactor concept was a relatively late comer in the field of
reactor technology, but the results of the experimental work that have
been done on this type of reactor have given it an important place in the
field of reactor development. I‘rom the beginning, its inherent simplicity
made it of great interest to central station designers, and its importance is
reflected in the fact that out of the slightly more than a million kilowatts
of nuclear power to be installed in the United States through 1962, one
third of this capacity will be in boiling reactors. This commercial accept-
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ance of the boiling reactor is significant because the early experiments with
boiling reactors reported the existence of power oscillations of large magni-
tude and these reports gave rise to considerable concern, since they might
prove dangerous or uncontrollable.

It is typical in any development that attention is focused initially
on those features which are most likely to be limiting. As these features
become clear, development spreads from the initial concentration in a few
areas to become a balanced attack on all technological fronts. It is unfor-
tunate that the initial concentrations of thought and effort on the possible
limitations of a system are likely to be prejudicial against it during its
early life, and it is only by detailed understanding that acceptance is
achieved ahead of widespread application.

To some extent this course of evolution characterized the early develop-
ment of boiling reactors. Of the aspects of boiling reactors initially thought
to be limiting, possible instability associated with boiling in a reactor was
the least well understood phenomenon and, therefore, received the greatest
initial attention.

In almost all the boiling water reactors operated to date, the reactors
have been intentionally operated at increasing power densities until un-
controllable oscillations have occurred. The fact that very satisfactory
operation was observed at less severe operating conditions was not always
newsworthy. The operating performance of EBWR, over a period of a
year and a half has shown that under normal conditions this boiling re-
actor is completely stable. Moreover, since it began operation in Decem-
ber 1956 at a power level of 20 Mw ‘(heat), its power level has been in-
creased, first to 50 Mw, and more recently to over 60 Mw with no indication
of instability. The Vallecitos plant also has been operated at considerably
higher power levels than its initial rating without instability.

To date there have been seven boiling reactors operated as well as two
others in which bulk boiling has been permitted to occur. These, as
already mentioned, fall mostly into the general category of fully enriched,
small boiling reactors built primarily for experimental purposes. These
include the four BORAX reactors and an experimental reactor operated
by Phillips Petroleum known as SPERT (Special Power Excursion Reactor
Test). The most recent two (EBWR and Vallecitos) have operated at
higher pressures and were built for larger development plant purposes. A
summary of the characteristics of the boiling reactors operated to date is
given in Table 1-1.

Several other experimental boiling reactor projects are being undertaken.
For example, a small 300-kw electrical direct-cycle plant for use in remote
areas by the military services is being constructed in Idaho by Argonne
National Laboratory. This is known as ALPR, the Argonne Low Power
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Reactor. It is a natural circulation, 300 psig, saturated steam boiling
reactor and will supply 200 kw, net, electrical and 400 kw, net, thermal
for space heating in anticipated isolated stations.

This low power reactor is of interest for several reasons. It is the first
reactor to be built in the United States for heating and is the first attempt
to design a reactor with a core to last three years before replacement.
Certain features of construction also are of interest; the reactor together
with all associated equipment is designed to be installed above grade level,
since excavation in the frozen north is difficult. The details of this re-
actor are presented in Chapter 8.

Another experimental facility which has been involved in boiling reactor
studies is the SPERT reactor facility already mentioned operated by
Phillips Petroleum Co. at the Idaho test site for the Atomic Energy Com-
mission. The SPERT project has been established as a part of the AKC
reactor safety program for the purpose of conducting studies on the broad
class of heterogeneous, water-moderated, enriched fuel reactors. Thus, its
purpose is not only the investigation of boiling reactor safety but also pres-
surized reactor safety. Considerable work, however, has been done with
SPERT on non-pressurized water-moderated reactors.

Studies are also in progress under an Advanced Water Reactor Program
at Argonne on two conceptual designs of heavy-water boiling reactors.
The first is on a 1035 Mw (thermal) forced circulation, natural uranium
fueled boiling reactor, while the second involves a 1000 Mw (thermal)
natural circulation, superheating reactor fueled with enriched uranium.
These studies have as their object the design of very large nuclear plants
for central stations. The second study is of particular interest because of
the superheating aspect. Preliminary studies indicate a core composed of
330 fuel assemblies in an 8-inch lattice contained in a 16-foot diameter
vessel. The core is divided into two zones: (a) a central flattened, super-
heating zone which tentatively consists of 42 fuel assemblies; (b) a boiling
zone which comprises the remaining 288 assemblies. In the central zone
the steam will be superheated to 850 I which produces a cycle efficiency
of 32.5 per cent. .

In addition to these experimental boiling water projects a number of
other commercial boiling reactor projects in the United States are in course
of development. Table 1-2 is a list of the reactors which are either in
operation or are scheduled to go into operation before 1963. This table
shows that of the 17 reactors listed, six are boiling water reactors with a
total electrical capacity of 328,000 kw. This is approximately one-third of
the total of 1,071,500 kw.

Four of these plants have been mentioned briefly but detailed descrip-
tions of all these reactors are given in later chapters. Particular emphasis
is given to EBWR in Chapters 5 and 6 because of its basic importance in
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the boiling reactor program and because of its substantial operating record
since it went into service in December 1956.

Three other boiling reactors for commercial electric power generation
are scheduled to go into service between 1960 and 1962. Northern States
Power Co. is building a 66,000-kw boiling reactor plant near Sioux Falls,
North Dakota. Allis-Chalmers Manufacturing Co. is building the reactor
for this plant. Another projected plant not far from Minneapolis is that
being developed by Nuclear Products—Erco, a Division of ACF Industries
for the Rural Cooperative Power Association at Elk River, Minnesota.
This plant is of interest in that it will be basically a two-circuit steam
generating unit, using steam produced in the boiling reactor to generate
steam for the turbine in an external heat exchanger. Saturated steam will

TaBLE 1-2

U. S. NucLEAR PowER REACTORS PLANNED FOR OPERATION BEFORE 1963

Project Rf;;::)r el(f;(ixce?(w Startup

Experimental Boiling Water Reactor——ANL | Boiling water 5,000 [ 1956

Sodium Reactor xperiment—-NAA—SCE | Sodium graphite 6,000 | 1957

General Electric & Pacific Gas & Elec. Boiling water 5,000 | 1957

Shippingport Pressure Water Reactor Pressurized 60,000 | 1957

WAPD—Duquesne water

Homogeneous Reactor Experiment—ORNL | Aqueous homo- 1,000 | 1957
geneous

Experimental Breeder Reactor No. 2—ANL | Sodium fast 20,000 | 1960
breeder

Rural Coop. Power Association Boiling water 22,000 { 1960

Commonwealth Edison—G.E. Boiling water 180,000 | 1960

Consolidated Edison Co.—B. & W. Pressurized 275,000 | 1960
water

Power Reactor Development Co.—APDA | Sodium fast 100,000 | 1960
breeder

Yankee Atomic Electric Co.—West. Pressurized 134,000 | 1960
water

City of Piqua Organic 12,500 | 1961
moderated

Consumers Public Power District Sodium graphite 75,000 | 1962

Northern States Power Co. Boiling water 66,000 | 1962

East Central—Florida Heavy water, 50,000 | 1963
gas-cooled

Pacific Gas and Electric Boiling water 50,000 | 1962

Chugach Electrical Association, Inc. Sodium, heavy 10,000 ( 1962
water

Total 1,071,500
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be generated in the reactor at a pressure of 875 psig. This will pass through
a primary heat exchanger where the steam condenses to give up its heat to
a secondary coolant for the indirect production of steam. This steam,
then, will be superheated in a coal fired superheater and delivered to the
turbine throttle at 600 psig, 825 I. The reactor will produce 58.2 Mw of
heat and the separately-fired superheater will produce an additional 14.8
Mw of heat. The turbine generator will be rated at 22,000 kw.

Finally, the Pacific Gas and Electric Company which has been asso-
ciated with the General Electric Co. in the Vallecitos project is making
plans for a 50,000-kw electrical, boiling reactor plant to be constructed at
its existing Humbolt Bay Station near Kureka, California. Although this
plant will be rated 50,000 kw, 60,000 kw is expected. The Humbolt Bay
reactor will employ completely natural circulation and will have the largest
steam flow using the single cycle principle of any reactor design so far
contemplated for electric generating purposes. This station represents an
enlarged Vallecitos rather than a scaled-down Dresden. The fact that this
nuclear plant will be installed in an existing plant, where a 50,000-kw con-
ventional outdoor unit is now in service and a second similar unit is under
construction, will effect an important reduction in capital cost.

Further details of all of these reactors are given in the later chapters of
this book. The earlier chapters are devoted to a discussion of the basic
principles and the design of boiling reactors, including an entire chapter
(3) on the BORAX experiments. These are of fundamental importance in
the development of this type of reactor since these experiments together
with the successful operation of EBWR demonstrated the feasibility of the
boiling process for power production.

While much has been learned from the BORAX experiments, KBWR,
and Vallecitos, considerable further work remains to be done; problems
still exist which must be solved before boiling reactor plants can become
economically competitive with conventionally fired central station plants.
Some of these problems also apply to other types of reactors. The ques-
tion of lifetime of fuel in the rgactor, for example, is a problem in all
enriched uranium reactors.

The unstable operation known as ‘“‘chugging” which was found in the
operation of the BORAX reactors is now of less concern to the designers
and operators than it was when first encountered. By means of an ana-
lytical procedure using transfer function data, it has been found possible
to predict reactor instability with a high degree of accuracy. In the case
of EBWR this was carried out for power levels well in excess of the known
areas. Although EBWR began operation at a thermal rating of 20 Mw,
in recent months it has been operated at power levels as high as 61.7 Mw
with the same 114 element core loading. In the analytical studies, figures
showed that the EBWR would remain stable to at least 65 Mw (t) with
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this core loading. .Plant mechanical ratings have prevented extended oper-
ation above 61.7 Mw (t) at which the reactor still exhibited operable
stability. Thus, one outcome of these tests has been to demonstrate a
method whereby boiling reactor stability can be evaluated safely in a
quantitative manner.

One of the factors which influences stability is the time constant of heat
transfer associated with the fuel element. Recent work with BORAX-IV
with the use of oxide type fuels indicate that a very large increase in this
heat transfer time constant will certainly improve stability but this is
true only if it is found that this heat transfer constant becomes a single
dominant feedback delay. A very long time constant would reduce the
inherent self-limiting ability during a transient.

Other problems that arise as a result of direct-cycle operation include
possible turbine contamination as a result of deposition of activated cor-
rosion products or fission products resulting from possible fuel element
failures, excess corrosion caused by high oxygen concentration in the steam
arising from water dissociation in the core, leakage through turbine seals
which is primarily, though not entirely, applicable to heavy water opera-
tion, and several other less important but related difficulties such as con-
denser design and leakage, feed pump design, feed water regulation, etc.

It is the purpose of this book to consider all these various problems in
detail and to describe what is known about them and the possible methods
which may be used in their further solution. Thus far, the boiling re-
actors which have been in operation, though designed with a high degree
of conservatism, have indicated an approach which seems to yield greater
economy than any of the other present reactor power plants.

Considerable attention is devoted to the description and operation of
EBWR in Chapters 5 and 6 because this was the first reactor of this type
to go into operation.

The Vallecitos experimental plant of the General Electric Co. is also
covered in considerable detail, not only because it also is a boiling reactor
in actual operation but because it was built largely as a pilot plant for the
Dresden Station of the Commonwealth Edison Co. which, as previously
mentioned, will be the first large commercial boiling reactor power station
in the world.



20 BOILING WATER REACTORS

REFERENCES

1. OSRD Case S-97, Cooling a Reactor, by the Latent Heat of Vaporization
of a Liquid.

2. SAMUEL UNTERMYER, Direct Steam Generation of Power, Nucleonics, 12(7),
p. 43 (July, 1954).

3. P. A. LortEs, Boiling Studies at Argonne Relative to Boiling Reactors. Proc.
Conf. on Nuclear Engincering, April, 1955, University of Cahfornia, Los Angeles,
California Book Co., Ltd., Berkeley.

4. J. R. DietricH, D. C. Layman, and O. A. ScHuLze, The Proposed Boiling
Reactor Experiment, ANL-4921, November, 1952,

5. J. R. DietricH and D. C. LaymaN, Transient and Steady State Character-
isties of a Boiling Reactor, The BORAX Experiments, 1953, ANL-5211, February,
1954.

6. J. R. Dietricu et al, The Experimental Determinations of the Self-
Regulation and Safety of Operating Water-Moderated Reactors. Paper P/481,
Proc. of International Conference in Geneva, August, 1955, Vol. 13, p. 88. New
York: Umited Nations, 1956.

7. J. M. WEesT, G. A. ANpErsoN, J. R. DierricH, J. M. HarrER, A. S. JAMESON,
and SAMUEL UNTERMYER, Preliminary Hazards Summary Report on the Experi-
mental Boiling Reactor (BER) ANL-5261, May, 1954.

8. J. A. THik, Boiling-Water Reactor Instability. Nucleonics, 16(3), pp. 102-
111 (March, 1958).



CHAPTER 2

GENERAL PRINCIPLES OF BOILING WATER REACTORS

TypPES oF BoiLiNG WATER REACTOR SYSTEMS

' Boiling water reactor power plants are usually classified according to
the degree of interconnection between the reactor and the steam turbine.
Those in which steam passes directly from the reactor to the turbine are
called Direct-Cycle plants. If a heat exchanger is interposed between the
reactor and the turbine so that the steam from the reactor is condensed
to generate secondary steam for operating the turbine, the plant is said
to be of the Indirect-Cycle type. Various combinations of these two basic
types may be used, with part or all of the reactor steam going directly to
the turbine, and with additional steam being generated in heat exchangers.
Such combinations are referred to as Dual-Cyecle systems. Each of the
basic types of boiling reactors may operate with either natural convection
or forced circulation. The fraction of reactor heat utilized in producing
steam also may vary over a wide range, depending upon the coolant tem-
perature and flow rate. The distinction between boiling reactors and
pressurized water reactors depends upon whether any bulk cooling occurs
in the core, not upon the amount of boiling. <

Boiling reactors which produce superheated steam have been proposed
but so far none of this variety has been built. Various schemes for pro-
ducing steam, or additional steam by flashing reactor water, have also
been considered. It is to be noted that steam could also be obtained from
pressurized water reactors by flashing. If no boiling occurs in the reactor
core, such a reactor is properly called a pressurized water reactor.

Most of the work on boiling reactors in the United States has been on
heterogeneous types, but work on homogeneous boiling reactors has been
done at Oak Ridge and also by the Russians. Russian authors presented
a paper at the 1955 Geneva Conference which indicated an active interest
in homogeneous reactors with thorium fuel and heavy water moderator.
There is considerable interest in heterogeneous boiling reactors using
heavy water, and various conceptual designs of boiling heavy water reac-
tors have been proposed. EBWR, the Argonne Experimental Boiling
Water Reactor, although operating with light water at present, is designed
for future conversion to the use of heavy water.

21
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Fre. 2-1. Simplified diagram of the direct boiling cycle.

Direct-CycLE BoiLING REACTORS

As shown by Fig. 2-1, the direct-cycle boiling reactor system consists
simply of a reactor in which steam is generated, a turbine and condenser
and a feedwater pump. Of course, in an actual system, water-treating
equipment, waste cleanup and control equipment common to other types
of water-cooled reactors would have to be included. Since the stcam
is generated directly in the reactor, an external steam generator (heat
exchanger) is not required. As a result, the same temperature can be
attained with a lower average fuel temperature, or a higher steam tem-
perature is possible for a specified fuel temperature. Because no excess
pressure is required to prevent boiling of the water in the reactor, as is
necessary in water-moderated power reactors of other types, the pressure
vessel can be designed for a lower pressure. In the PWR, for example,
the pressure in the vessel containing the core is 2000 psi but the pressure
of the saturated steam leaving the steam drum is only around 600 psi.
In a boiling reactor, the same operating steam pressure can be achieved
with a reactor-vessel pressure of a little more than 600 psi. In the direct
cycle only the reactor feed pumps are necessary, and since the size of these
units is considerably smaller than the coolant circulating pumps in pres-
surized water systems or in boiling cycles using forced circulation, the
pumping requirements of natural circulation boiling reactors are com-
paratively small.

Since the stcam produced in the boiling reactor is used directly, many
of the usual thermal barriers within the heat exchanger and reactor are
eliminated. Consequently, higher efficiencies should be possible for the
same fuel temperature, while tolerable efficiencies should be obtained
with reduced temperatures and pressures. This is shown in Figs. 2-1
and 2-2.

If and when reactor technology permits higher reactor temperatures
and pressures, there will be corresponding improvements in boiling reactor
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Fig. 2-3. Temperature and pressure limitation on thermal efficiency of direct-
cycle boiling reactor.

performance. If steam could be generated within the reactor at the
critical pressure, at 3305 psi, a theoretical thermal efficiency of 40 per
cent could be obtained, but, of course, that would imply a solution of the
moisture content problem which exists with saturated steam. Figure 2-3
indicates the extent of improvement possible in the efficiency of boiling
reactors. Until the moisture problem has been solved, however, it is
unlikely that these high efficiencies can be obtained.

One of the advantages of the direct-cycle boiling reactor is that it is so
simple that it can be constructed in smaller sizes than had at first been
deemed practical for power reactors. It seems likely that low-power,
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relatively inexpensive boiling plants are feasible because many of the
expensive components are eliminated, but until it has been demonstrated
it cannot be claimed that such small plants will be competitive with fossil
fuel fired plants.

The first direct-cycle boiling reactor plant was the BORAX-III, men-
tioned in Chapter 1. This was followed by the construction of EBWR.
A small 300-kw direct-cycle plant has been built at the AEC Reactor
Testing Station in Idaho to serve as a prototype of plants designed for
use in remote sites for military installations, and the nuclear plant being
built by Allis Chalmers Manufacturing Company for the Northern States
Power Company will also be a direct-cycle boiling reactor. As planned
at present, this controlled recirculation boiling reactor will have a total
core power rating of 203,000 kw (thermal). Of this, 164,000 kw will be
in the boiling region and the other 39,000 kw will be in a superheater
region of the core. This proposed nuclear superheater constitutes a unique
feature of this plant. Earlier designs had contemplated the use of a
separately fired, oil or coal superheater but the latest plans call for nuclear
superheating.?

General Electric Company has also signed contracts to provide direct-
cycle boiling reactor power plants in Latin America.

DuaL-CycLE REACTOR SYSTEMS

Dual-cycle boiling water reactors are so named because of the two
methods of heat extraction used to generate the steam fed to the turbine.
The first cycle is a direct cycle in which the steam generated in the reactor
passes directly to a steam turbine. The second cycle is an indirect cycle:
steam 1s produced in a steam generator or heat exchanger by subcooling
a portion of the saturated water from the reactor.

Thus far, no dual-cycle power reactors have been placed in operation
and the analysis of dual-cycle operation presented here is of necessity
based on theory rather than experience. While the dual cycle appears to
have certain advantages over direct natural circulation systems, it would
be unwise to accept them as definite until firm experimental data are
available. The two direct-cycle systems now in operation (EBWR and
Vallecitos) are both natural circulation systems, and there is no direct
experimental information available as to the power increases which might
be attained in such reactors with forced circulation.

The dual-cycle system was devised to overcome some of the early
apparent limitations of the direct-cycle boiling reactor. In a direct boiling
system using natural circulation, as the moderator boils, its density fluc-
tuates and this affects neutron moderation and leakage. Thus, the power
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level will fluctuate and the permissible output tends to be limited by the
maximum steam void fraction with which smooth operation can be
achieved, and it was thought unfeasible to control more than 3 per cent
reactivity with steam voids. Figure 2-4 shows that this corresponds to
about 20 per cent steam voids averaged through the core of a direct
boiling reactor.

In a natural circulation boiling reactor a sudden increase in load
increases steam flow from the reactor, reduces the pressure, core water
flashes to steam, and the moderating effect thus lost, causes the flux power
to fall. Control rod adjustment is required to increase reactor power to
meet the demand. Rod movement, however, takes time and under severe
variable load conditions of operation the boiling reactor is less desirable
than subcooled types with a negative power coefficient of reactivity.

The initial BORAX tests, as described in the next chapter, the purpose
of which was to investigate the safety characteristics, showed that a
given boiling reactor can be operated stably up to some power level char-
acteristic of the reactor, and that at higher power levels operation becomes
unstable. Early experiments tended to lead to this hypothesis: evidences
of instability begin to appear when the amount of reactivity compensated
by the steam is something like 1.5 per cent ko and the instability usually
occurs by the time this reactivity was as great as 2.5 per cent. As a
corollary, it may be said that, other things being equal, boiling reactors
which have a small power coefficient of reactivity will operate stably at
higher power densities than will reactors with larger power coefficients of
reactivity. This is more fully explained in Chapter 4.

For a small reactor where the length of the steam travel through the
core might be as low as 2 ft, a reasonable power density per unit can be
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Fic. 2-5. How subcooling improves reactor output.

achieved without exceeding a 20 per cent void fraction. Where the steam
path is lengthened to 8 or 10 ft, as in large reactors, the density that could
be produced under similar conditions in a simple boiling reactor is reduced
so low that unreasonable reactor sizes result.

An analysis of how a natural circulation boiling water reactor’s output
and load demand characteristics are limited by the way steam bubbles
choke coolant flow and reduce reactivity points the way to the improve-
ments possible with a dual-cycle system.

Figure 2-5 shows what happens in a steam-producing channel in a
boiling reactor. Each of the reactor channels shown has the same steam
void fraction, indicated by the same number of bubbles rising through the
water. In the first instance, the,water enters the reactor at boiling tem-
perature, steam bubbles form immediately, and their concentration in-
creases as the water rises through the channel, until the bubbles cscape
from the top of the reactor. All the output of the reactor is devoted
to making steam.

In the next instance, the feed water has been subcooled. One-third o!
the reactor’s heat output raises the water temperature to the boiling point,
while the remaining two-thirds generate steam. Thus, the water travels
about one-third of the way through the core before boiling starts. Since
the steam velocity through the reactor is the same in each case, the steam
generation rate is established by the number of bubbles leaving the chan-
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nel in a unit of time. Since more bubbles are formed near the top of the
core in the second case, the steam generation rate is greater. Further-
more, an additional amount of heat is transmitted to subcooled reactor
water without net steam generation.

The third example shows the effect of further subcooling, so that two-
thirds of the heat is used to raise the temperature of the cooling water to
the boiling point. The combined heat output to produce steam and to
heat water is further increased.

When the incoming water to the reactor is highly subcooled, the section
of the channel that induces natural circulation becomes shorter. This
suggests the possibility of promoting circulation by tubes, known as chim-
neys, in the water space above the fuel. The final diagram is typical of
the dual-cycle reactor design; it shows the effect of chimneys two-thirds
as high as the reactor. These chimneys augment the natural circulation
lift, increasing the water velocity through the reactor. In this case much
more heat can be removed than by the system illustrated in the first
diagram, if the same steam void fraction is maintained. This illustrates
how the power output of a boiling reactor can be multiplied if a supply
of subcooled water is available.

This method of reasoning leads to the dual-cycle design®* shown in
Fig. 2-6. 1In this illustration, it is assumed that the reactor generates
stcam at 600 psi as shown by the steam line leading directly from the
reactor to the turbine throttle valve. This steam passes through the tur-
bine, is condensed and by means of the pumps is returned to the bottom
of the reactor. Saturated water from the reactor flows through the flash
tank or secondary steam generator where some energy is removed to pro-
duce steam at 350 psi. This secondary steam is admitted to a lower
stage of the turbine. The cooled water from the secondary steam gener-
ator is circulated back to the reactor by means of the circulating pump.
This provides the subcooled water for the reactor when mixed with the
condensate from the condenser.

Turbine Elec Gen

Steam, 600 psi

Steam, 350 psi

Flash Tank
(Secondary
Steam Generator)

Condenser
Boiling
Reactor

Flash Pump Reactor Feed Pump

Fie. 2-6. Simplified diagram of the Dual-Cycle Boiling Reactor.
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Fic. 2-7. Simplified flow diagram of the Indirect Boiling Reactor System.

The dual cycle endeavors to overcome the two main limitations of the
simple boiling cycle, low power output for a given size and poor stability
under load variations. It preserves a large amount of natural circulation
and much of the basic equipment simplicity of the direct cycle. There is
some compromise of the thermal efficiency gains theoretically obtainable
in the simple boiling cycle, but this cycle maintains a thermal efficiency
advantage over liquid water cooled reactors. The major safety advan-
tages associated with boiling are as effective in the dual cycle as in the
simple boiling reactor. .

Control of load variations with the dual-cycle system is attained in
the following way. Most of the turbine governor adjustment for load
variations takes place in the 350 psi admission. Consequently, the sub-
cooling in the reactor increases with load. When there is a demand for
more power, the turbine acts to admit more steamn from the secondary
steam generator while the flow of steam into the 600 psi (high pressure)
stage is not immediately affected. As the steam demand from the sec-
ondary steam generator increases, the pressure drops and so more water
flows into the tank. The flash pump draws off more water from the tank
to hold a constant level, and the amount of subcooled water entering the
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reactor increases. Consequently the number of steam bubbles within the
core is reduced, and the reactor output rises to meet the load demand.
Thus, this stability during load changes is obtained without sacrifice of
inherent safety characteristics of boiling reactors.

The first dual-cycle reactor to be constructed is the Dresden Station
of the Commonwealth Edison Company now being built 47 miles south-
west of Chicago. It is a light-water moderated, forced-circulation, boil-
ing reactor having a heat power of 627 Mw and an eclectrical output of
180,000 kw. This station is scheduled to go into operation in 1960.°® A
full description of Dresden Station is given in Chapter 9.

The Vallecitos boiling reactor of the General Electric Company, al-
though operating as a direct-cycle plant, is arranged so that dual-cycle
operation can be simulated. Included in the pumping loop, provided for
forced circulation, is a steam generator which may be cut into the loop
by the manipulation of appropriate valves. The steam generator may
then be used to simulate dual-cycle operation. In this type of operation,
the secondary steam will be exhausted to the atmosphere rather than being
used in a turbine. Dual-cycle operation may be obtained with either
forced or natural circulation inside the reactor by inserting or remov-
ing baffles.

InpIRECT-CYCLE BOILING REACTORS

The indirect boiling cyele evolves from the desire to reduce maintenance
and design problems by eliminating radioactive carryover from the reac-
tor to the major pieces of equipment in the system such as the turbine
and superheater, if the latter is included. This is accomplished by using
two distinet loops linked thermally through a condensing-evaporating
heat exchanger. Steam generated in the reactor is condensed on the pri-
mary side of the heat exchanger by giving up its heat to generate lower
pressure steam on the secondary side. The entire secondary system may
be of conventional design and be located cxternal to the containment
shell. A simplified flow diagram of the proposed Elk River Reactor,
which is an example of the indirect cycle, is shown in Fig. 2-7. The
indirect-cycle boiling reactor has available all of the potentialities for
increased power through subcooling that are available for the dual cycle.

The heat capacity of the heat exchanger acts as a damper and intro-
duces a time lag which protects the reactor from sudden transients and
provides time for the control system to take the necessary corrective
action. Because of this time lag, the load response characteristics of the
indirect cycle are superior to the direct cycle since the reactor has time
to adjust to load change rather than opposing it. This comes about
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through the effect of subcooling on reactivity. For an increased load
demand, secondary pressure and temperature will attempt to drop, result-
ing in increased heat transfer across the heat exchanger. There is conse-
quently greater subcooling of the reactor return water which, in turn,
means higher reactivity and power. The time delay allows adjustment of
control rods to prevent a change of primary pressure, which would affect
the power output in the opposite direction. A drop in load results in the
reverse sequence.

The added expense of heat exchangers plus piping for two loops instead
of one is a disadvantage of the indirect cycle. In addition, due to the
temperature drop required across the heat exchanger, the thermal effi-
ciency for a given reactor pressure is less for the indirect cycle than for
the direct cycle. Stated another way, for a given turbine throttle pres-
sure, the reactor pressure for the indirect cycle must be greater.

The evolution of noncondensable gases from the reactor into the high-
pressure primary system also presents a difficulty. The limit of concen-
tration of gases in steam is set by the tolerable level of oxygen in water
to avoid excessive corrosion of zirconium cladding on the fuel elements,
when zirconium is used. Since the solubility of oxygen in water is a func-
tion of its partial pressure in vapor, the concentration of oxygen in vapor
is limited. If this concentration limit is low, then the gases cannot be
vented without also removing a great amount of steam and heat. Unfor-
tunately, good data are not available on any of the more important
aspects of this problem. The concentration limit of oxygen in water to
prevent Zircaloy corrosion, the rate of mass transfer of oxygen into solu-
tion in the condenser, and the evolution rate of oxygen in the core as a
function of its content in the feed water are all unknown. A calculation
may be performed, however, from the limited data available. Using an
oxygen evolution rate of 19 cc per liter of condensate, estimated from
EBWR and BORAX-III operational data for low concentration levels of
oxygen in water, assuming a maximum permissible bleed-off rate of steam
equal to 5 per cent of the total flow, assuming an instantaneous solution
rate of oxygen in water, and applying Henry’s Law extrapolated to high
temperatures, a concentration of oxygen in reactor water of 1.15 cc per
liter is calculated. This is considerably higher than the 0.01 cc per liter
which has caused corrosion of carbon steel in conventjonal high tempera-
ture and pressure boilers. The carbon steel, of course, is more susceptible
to corrosion than Zircaloy.

At the present time, reactor experience with this problem is limited.
EBWR is operating with oxygen levels of about 0.01 cc per liter, but the
effect of higher concentrations is not known. One method of decreasing
the concentration would be the addition of hydrogen into the system to
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enhance recombination of oxygen in the core. However, this would intro-
duce a serious explosion hazard.

As already mentioned, the proposed Elk River plant of the Rural Coop-
erative Power Association near Minneapolis will use this indirect cycle.
The reactor is a closed cycle, boiling water reactor, cooled and moderated
by light water. The primary loop will have no pumps or valves. This
is accomplished by raising the level of the evaporator condenser above
the water level in the reactor in order to provide the required driving
head. Provision is being made to introduce forced circulation for in-
creased power, if required. The Elk River plant is more fully described
in Chapter 10.

BoiLing HoMoGENEOUS REACTOR

As indicated earlier in this chapter, a considerable amount of work has
been done at Oak Ridge National Laboratory on the development of a
boiling homogeneous reactor. As early as May 1951, following the con-
struction of HRE-I, the group at Oak Ridge focused their attention on the
possibility of removing heat from a homogencous reactor by boiling the
fuel solution, rather than by circulating it, in recognition of the advan-
tages of a boiling reactor. Experiments on bulk boiling at atmospheric
pressures in a 1-ft diameter cylindrical tank indicated that power densi-
ties up to 5 kw per liter might be achieved. It soon became apparent,
however, that high-pressure, power-density measurements would be re-
quired, and the design of a boiling reactor experiment (BRE) called the
“Teapot” was indicated. To answer the question of nuclear stability of
such a reactor, a combined group from the Oak Ridge National Labora-
tory and Los Alamos operated the SUPQO under boiling conditions in Octo-
ber, 1951. Although the reactor operated at a total power level of 6 kw,
solution power densities of only 0.5 kw per liter were obtained, owing to
boiling in the cooling coils. Later experiments conducted with no boiling
in the cooling coils indicated that this reactor could be operated safely as
a boiling solution reactor at its maximum power density of 4 kw per
liter.”®

This removed one of the important obstacles to the construction of
an experimental boiling reactor, and in January, 1952, the Oak Ridge
National Laboratory made a proposal to construct the Boiling Reactor
Experiment (BRE). In January 1953, however, the problem of main-
taining sufficient oxidizing conditions to prevent reduction and precipita-
tion of the uranium in a boiling uranyl sulfate solution became apparent,
and construction of the reactor was deferred pending the outcome of
solution-stability experiments. These experiments, completed in October
1953, indicated that at oxygen concentrations likely to be encountered in
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a boiling reactor (6 to 7 ppm), reduction of uranium would occur in solu-
tion in contact with stainless steel. Since the metallurgy of titanium or
zirconium was not sufficiently advanced to construct a reactor using these
alternative metals, it was decided to abandon the BRE itself and continue
experimental work on the problems of solution stability, steam separation,
and power densities at high pressure.!!

Work on steam separations and experimental measurements of the
movement of air and steam through heated solution at high pressures were
carried out by the Babcock and Wilcox Company.?

These results and theoretical calculations of the power removal from
boiling reactors®'* provide a basis for estimating the obtainable power
density of such reactors under varying conditions.

The various applications of boiling as a method of heat removal from
homogeneous solution or slurry reactor include the use of a two-region
reactor with a boiling core and a boiling blanket. The problem of main-
taining a sufficiently oxidizing solution in a boiling uranyl sulfate-D,0
reactor, although serious in a stainless steel system, can be eliminated if
all surfaces in contact with the solution are made of titanium and oxygen
supplied continuously. Solutions containing 10 g of uranium per liter
have been successfully boiled at 325 C in titanium-lined pipe.

Continued interest in boiling homogeneous reactors has led to a number
of studies of large-scale reactors of this type. The use of boiling as a
method of removal of power from the ThO, slurry blanket of large two-
region homogeneous reactors does not appear to present any major diffi-
culties.” The apparent advantages are that no circulating pump would
be required to handle slurry, containment of the highly active slurry in
the reactor vessel, and the possibility of operating the blanket at the core
pressure and using the blanket power for heating the secondary steam.'

The Russians have also been working on this development of a boiling
homogeneous reactor and presented a paper on this subject at the 1955
Geneva Conference.'

This paper described a studly made to evaluate the performance of
two types of homogeneous boiling reactors, one without a reflector,
and the other with a reflector providing for fuel regeneration. These
reactor concepts had as their objective the elimination of some of the
disadvantages inherent with homogeneous reactors using the fuel slurry.
Homogeneous reactors working with solutions of uranium compounds in
a moderator demand the use of absolutely reliable pumps for pumping
the active mixture through the active zone and heat exchanger; the repair
of these pumps must be carried out by remote control, which greatly
complicates their operation. Further, the power obtained from a kilo-
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gram of fissionable material in such reactors is not high, since a consider-
able part of all the uranium fills up the circulation circuit and heat
exchanger and does not participate in the reaction. Finally, when the
heat exchanger utilizes a heat transfer medium which has been activated
by neutrons, radioactive steam gets into the turbines which is a great
inconvenience.

The boiling homogeneous reactor represents a scheme which to a con-
siderable extent eliminates these difficulties. Such a reactor makes unnec-
essary the pumps for pumping the working medium; next, the heat in
such a reactor is removed directly from the reaction zone by steam, which
reduces the total amount of uranium, since the active mixture, in this
case, is not pumped through the heat exchanger. Finally, secondary steam
entering the turbine is not active.

In the Russian studies, experiments were made regarding the time
behavior of suspensions as a function of temperature. An increase in
the speed of settling was observed when the suspension of uranium oxide
was boiled for several hundreds of hours at atmospheric pressure. Hold-
ing the suspension in water at a temperature of 210 F (without boiling)
for 20 days did not bring about a considerable change in the speed of
settling.

Further experiments were conducted to investigate the precipitation of
the uranium oxide powder on stainless steel in contact with the suspension.
When stainless steel was in contact with the nonboiling suspension for
several hundreds of hours at 210 I’ precipitation of the powder onto the
surface of the steel was not observed. The experiments were conducted
with the suspensions motionless and also when the suspension was con-
tinuously being stirred.

In experiments with a boiling suspension conducted over a period of
20 to 25 days at atmospheric pressure, only an insignificant precipitation
and adhesion of the powder to the plates of stainless steel placed in the
suspension was observed. After a given layer of powder has accumulated
on the surface of the stainless steel, further adhesion ceases. When the
plate of stainless steel was situated on the interface between suspension
and steam, a thick layer of powder adhered to the plate.

The results obtained from the experiments imply the possibility of using
a suspension of uranium oxide and thoria for a boiling nuclear reactor.

ComPARIsON oF BoiLing REactor CyCLES

From a practical physical standpoint no nuclear reactor power cycle
is more attractive than the simple direct boiling cycle. Its simplicity
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both in the equipment used and in the nature of the equipment gives it
the lowest possible investment cost. The absence of thermal barriers
permit higher efficiencies for the same fuel temperature, while, as indi-
cated previously, tolerable thermal efficiencies can be obtained with lower
reactor pressures and temperatures. The simplicity of the direct cycle
makes it attractive for small power plants in remote areas where high
efficiency is of less importance than simplicity and freedom from mainte-
nance. In fact aluminum cladding is sufficiently corrosion resistant for
use in boiling reactors at temperatures that permit reasonable thermal
efficiencies.

The dual-cycle approach has as an objective the removal of as much
energy as possible by boiling in the upper part of the reactor without
exceeding the limit of reactivity for good stability. With the dual system
the reactor response to load is correct. The pressure in the reactor is not
changed radically by the turbine regulating valve movement. Some load
changes are accommodated by actuation of the secondary admission
valves by the turbine governor. Decreasing the rate of secondary steam
production results in higher temperature water returning to the reactor.
The decrease in subcooling causes the reactor flux power to drop. For an
increase in load, the reverse procedure prevails. This self-regulating con-
trol is obtained by allowing the pressure in the secondary system to vary
with the load.

As would be expected, the heat rate of the dual cycle is contingent
upon the primary steam pressure and the percentage of power which is
removed as primary steam. The size of the largest dual-cycle boiling
reactor that can be provided appears to be limited only by the dimensions
of the pressure vessel that can be transported to the construction site.

The attractive features of the indirect cycle lie in the fact that there
is no radioactive carryover from the reactor into the turbine and asso-
ciated piping and that it can be coupled into an existing power station.
The load response characteristics are improved over those of the direet
cycle because of the time lag inherent in the heat exchanger. These
attractive features, however, are offset by the added equipment required
and perhaps a slightly lower thermal efficiency obtained, but it may prove
to be the most attractive for many industrial purposes. One decided
advantage of the indirect cycle reactor is that a conventional fuel fired
superheater can be used with it.

REQUIREMENTS OF BoIiLING REACTORS

From the standpoint of stability and safety under boiling conditions,
reactors can be divided into two classes:
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(a) Self-regulating reactors in which an increase in reactor power
causes an immediate decrease in reactivity. The power is thus
limited at all times by the rod setting made by the controls or the
operator.

(b) Auto-catalytic reactors in which an increase in reactor power
causes an increase in reactivity excess, resulting in further increase
in reactor power. This condition means that, if the reactor opera-
tion were not otherwise limited, the reactor would go out of the
control of the operator.

All the factors entering into the critical equations may be affected by
the boiling and bubble formation. Ordinarily, the largest effects of boil-
ing are increases in: (1) resonance absorption due to expulsion of the
moderator; (2) thermal utilization by expulsion of neutron-absorbing
coolant; and (3) neutron leakage by expulsion of moderator and scatterer.

Change in thermal utilization is generally negligible for heavy water
reactors using natural uranium, while change in resonance absorption is
trivial for highly enriched reactors. Leakage is less irhportant in large
reactors. Changes in resonance absorption and leakage tend to make
reactors self regulating, while the expulsion of a neutron-absorbing cool-
ant, of itself, would make a reactor auto-catalytic.

Either a light- or heavy-water cooled reactor can be designed to have
a negative effect on reactivity excess, but it is difficult to determine in
advance just how the reactivity will vary under certain conditions. In
some reactors the reactivity decreases more or less linearly with coolant
expulsion whereas for others the decrease is non-linear, and it is difficult
for the designer to choose which type of behavior his reactor will exhibit
when it goes into operation. Figures 2-8 and 2-9 show the effect of
light-water cooling on reactivity of natural uranium reactors.

A reasonable degree of self-regulation can, however, be provided with-
out seriously compromising other reactor design criteria. Thus practical
boiling reactors can be designed so that steam formation will reduce
reactivity and hold the power in check. Self-regulating boiling reactors
can be constructed using various combinations of fuel, moderator, and
coolant, some of which are listed in Table 2-1.

Factors INFLUENCING STABILITY AND CONTROL

The possibility of instability in the boiling reactor has always been
recognized; in fact, it was the anticipation of such instability that delayed
serious work on boiling reactors until recent years. Ever since, the first
BORAX tests designers have been keenly aware of the inherent difficulties
in predicting the kinetic behavior of boiling systems. If reactivity is
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added to a boiling reactor, oscillatory instabilities can develop, culmi-
nating in “chugging.” During chugging, coolant is expelled by the
formation of steam, reducing reactivity so that the output falls and water
drops back into the reactor, increasing reactivity resulting in a power
increase, forming steam which again expels the water. While these
chugging surges may appear very violent, they are actually limited
in severity by the rate at which reactivity can be added by the flow of
water back into the reactor core,
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TaBLE 2-1

SoME PossiBLE MATERIAL COMBINATIONS FOR SELF-REGULATING
BoiLiNG REACTORS

Fuel Moderator | Coolant | Self-regulation requirements
Natural uranium D0 D;O | None
Natural uranium D0 H,0 | Limit on amount of coolant.
See Fig. 2-9
Natural uranium Graphite H,0 | Limit on amount of coolant.
See Fig. 2-9
Natural uranium Graphite DO None
Partially enriched H.0 H,0 | Limit on water-uranium ratio
uranium
Natural uranium-enriched | H,0 H,0 | Limit on water-uranium ratio
control rods
Fully cnriched H,0 H,0 Must be small
00 +
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Distance Above Inlet, inches

Fic. 2-10. Hydrodynamic instability in heated vertical channel. Dy =0.,5
in., 25 psia.

Flow instabilities without nuclear coupling may also lead to a situation
similar to chugging. For instance, during non-nuclear heat transfer rate
tests at Argonne National Laboratory an instability was observed when
boiling extended to the lower entrance of the heated clement. This is
shown on the chart of Fig. 2-10. Under these conditions, steam was
intermittently expelled from the lower end of the heated channel. This
might simulate the case where excessive reactivity was tied up in voids.

It is important to know the exact conditions which will lead to chug-
ging since the power of a boiling reactor may he limited by nuclear sta-
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bility. In the BORAX cxperiments chugging often occurred when over
2 per cent of the reactivity was controlled by steam bubbles.

Boiling reactors are designed so that steam bubbles reduce reactivity.
When the control rods are withdrawn the reactor output will increase
until steam is formed fast enough within the reactor to offset the added
reactivity. Consequently, such a reactor will produce a fixed steam flow
against a fixed outlet pressurc without continuous control adjustment.
However, if the outlet pressure is reduced in response to an increased
load demand, the reactor will deliver an increased steam flow and may
not respond to compensate for this load change—if the change is large.

As has been indicated, the use of the dual cycle affords load matching
without rod movement over a wide range. Single-cycle boiling reactors
cannot compensate for load demand changes when negative reactivity
effects of the steam bubbles arc greater than the positive effect of the
water temperature change. Stability is improved when operating with
low steam void content at high pressures, as shown in Fig. 2-11. This
curve indicates the effect of temperature and pressure on stability, but
these effects are much greater in the case of low pressure reactors where
neutron temperature becomes an important factor tending to increase the
temperature coefficient.

Under these conditions, the effects due to change in water density may
overshadow those due to steam, and the reactor will then exhibit inherent
load matching ability.

With respect to the instabilities that have been observed in some of the
experiments on boiling reactors, it should be pointed out that the possi-
bility of instability is not confined to certain reactor types. Neither is
an unstable characteristic to be expected frequently in the design of new
reactors. When the possibility of instability does exist, it is something
to concern the designer, but its significance for reactor safety can be
defined only in relation to other dynamic characteristics of the reactor.

In the case of the boiling reactor, the reactor is stable so long as the
power level is kept below that at which large uncontrolled reactivity
fluctuations can occur. Confidence in the safety of the boiling reactor
is also based to a considerable extent on the experimental observations
that instability, when it does occur, is preceded by characteristic signs
which give ample warning, and by the fact that the boiling reactor has a
high degree of tolerance for power excursions. It must be remembered,
however, that this tolerance for excursions is very much a function of the
specific reactor design and cannot be assumed to be the same for reactors
with low conductivity fuel plates as for the early BORAX reactors which
had high conductivity fuel plates.
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Fic. 2-11. Power demand stability in single-cycle boiling reactor.

In this connection, thc BORAX-IV experiments described in the fol-
lowing chapter, which are being conducted by Argonne National Labora-
tory with fuel elements of thorium-uranium oxide, are of great interest.

Finally, it should be pointed out that the stability limits for boiling
reactors which have been observed to date appear to be characteristic of
the natural circulation case, and that therc is no experimental evidence
as to what the limitations will be for forced circulation. It would be
surprising if the foreed circulation boiling reactor did not have somewhat
broader regions of stability than natural circulation designs.

With regard to forced circulation, whether or not forced circulation is
used with any boiling reactor system is largely a question of economics.
If the desired power densities can be attained for a given power output, it
would be uneconomical to use forced circulation since it requires consid-
erable additional investment. However, since the power output of the
natural circulation direct-cycle reactor is limited it may be necessary to
use forced circulation and subcooling if higher power densities are desired.

STEAM SLIP

When steam and water flow concurrently through a passage, they travel
at different velocities, and the amount by which the steam velocity exceeds
the water velocity is known as the steam slip. In early Argonne tests it
was found that steam slip was strongly dependent on temperature or pres-
sure and it was found that slip increased as the water velocity increased.
Since slip rates of over 60 ft per sec were measured at atmospheric pres-
sure, it was apparent that some sort of channeling phenomenon was in-
volved (Fig. 2-12). The dependence of steam slip on pressure and water
velocity can be calculated if it is assumed that the steam flows through
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channels passing through the water in the coolant passage and that the
hydraulic characteristics of the channels do not change. Figure 2-13
portrays a model of steam slip. There is, however, difference of opinion
among various investigators cpncerning the dependence of steam slip on
water velocity, Some authorities regard void fraction as the significant
variable; higher void fractions, they contend, lead both to higher slip
and to higher water velocity.

In Fig. 2-12 the measured variation of slip values with low water
velocity is compared with calculated values. The qualitative correla-
tion seems to explain the strong dependence of steam slip on pressure.
This model is also consistent with the observed increase in slip velocity.

An “order of magnitude” estimate of the effective size of the steam
channels suggests that they are of the order of one-hundredth of an inch
thick. Another approach to the prediction of steam slip developed by
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C. A. Purcell in 1953 is derived from the Martinelli-Nelson correlation
for turbulent two-phase flow (Fig. 2-14).

StEAM VOID MEASUREMENT

Calculation methods, based on heat transfer and physics, yield informa-
tion both about the steam distribution in a reactor and the reactivity
controlled by voids. Previously it had been possible only to check such
calculations by comparison of observed and computed reactivity, but now
a procedure is available which will measure the detailed steam bubble
distribution. This method depends upon the moderating properties of the
coolant. If the moderator were not present and if the reactor could still
be made critical, then all the neutrons would be above thermal energy.
The ratio of fast to thermal neutrons present at any position in the reactor
depends on the amount of moderation displaced by steam bubbles. Thus
“cadmium ratio” measurements at various locations with and without
boiling can be made using foils or miniature neutron ion chambers.

The ratio ¢;/ ¢, for nonboiling to éw/ oy for boiling is related to calcu-
lated void content as shown on the chart, Fig. 2-15. In these expressions
¢ and ¢y, represent fast neutron flux and thermal neutron flux respectively.
This ratio is 1 at points where boiling does not occur and falls to zero in
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places where all the moderator has been removed. This method will cor-
rectly indicate conditions in any local regions that are large compared to
the slowing down distance that is about 10 ¢m in light-water reactors.

RabproacTive CARRYOVER

Since the steam generated in the boiling reactor is passed directly to
more or less standard power generating machinery, condensed and recy-
cled to the reactor vessel, it is obvious that the carryover of radioactivity
constitutes an important factor, not only with respect to safety but also
with regard to maintenance. The reactor water contains dissolved and
suspended impurities, together with water dissociation products, which
are activated by the neutron flux of the reactor. Thus, the steam leaving
the boiling interface carries droplets of water and volatile substances
which are highly radioactive. The problem is to reduce this radioactive
carryover to the minimum possible value.

Fortunately the process of boiling itself provides a natural separating
process. In rising in the reactor free space, entrainment is decreased as
a result of settling or impingement on the reactor walls and internals. To
provide further separation, the primary steam can be made to pass
through mechanical separators which, in the case of the experimental
reactors in operation, have proved very effective. The steam leaving the
separating equipment enters the turbine where deposition of remaining
entrained droplets and adsorption of volatile substances can occur. Ero-
sion and corrosion of the equipment contributes additional impurities to
the steam. The turbine discharge passes into the condenser where some
volatile impurities, both radioactive and inert, are bled via an air removal
system. The condensate picks up more impurities as a result of corrosion
of the condenser and by in-leakage. The condensate then is returned to
the reactor as feed water.

In order to maintain the highest possible purity of the water in the
system it is necessary to circulate part of the reactor water through
cleanup loops where suspended and dissolved matter is removed. Addi-
tional corrosion, erosion, and deposition occur in the reactor vessel and
on the reactor core surfaces. Thus occurs a complex transport of erosion
and corrosion products, some of which are activated in the reactor. The
neutron activation products which find their way out of the reactor
into the external machinery and cause turbine contamination are nat-
urally a source of considerable concern. Excessive entrainment of
radioactive substances into the power machinery and their subsequent
retention could lead to significant problems in shielding requirements and
maintenance. The factors that should be considered in the prevention of
such contamination include: proper choice of construction materials to
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reduce the accumulation of corrosion and erosion products in the reactor,
properly designed cleanup loops to maintain high purity of reactor water,
careful pretreatment and deaeration of system makeup water, and de-
entrainment of water droplets and volatile activation products.

These stringent requirements with respect to radioactive carryover in
boiling reactors have led to extensive experimental work both with small-
scale laboratory apparatus and on the BORAX reactors.’t. The details of
this work is covered in the following chapter. In general, the results
of this experimental work have been very encouraging, and also, in the
actual operation of EBWR and the General Electric Company Vallecitos
reactor the amount of radioactive contamination in the external system
has been small and produced no maintenance problem to date.

In the case of EBWR after one year of intermittent turbine operation
or 2840 hours of operation, an inspection of the turbine was made. It was
in excellent condition with no visually detectable sign of erosion or corro-
sion on any parts exposed to the steam. Only small deposits or discolora-
tions were noted. The blade deposit was 0.1 mg per sq em. Radiation
surveys were taken 10 days after shutdown when removing the upper half
of the turbine casing and the maximum levels found were at the steam
nozzle inlets. There the activity was 5 mr per hr at a distance of 2 in.
At the throttle valve inlet the activity was 2 mr per hr at 2 in. and at the
first row of blades it was only 0.2 mr per hr at 2 in.

In concluding this introductory discussion of the general principles of
boiling water reactors, it should be obvious that while much has been
learned about the practical design and operation of this class of reactor,
many problems remain to be solved before they can be accepted as com-
pletely reliable and competitive commercial power stations. It should
not be assumed that these problems necessarily impose limitations to the
ultimate utility of boiling reactor power plants. They merely reflect the
present state of development, one which permits an understanding of the
specific problems through- experimental investigation but which has not
provided sufficient experience to predict the ultimate most effective solu-
tion. It would be rather naive to expect that single direct solutions to
these various problems will ever be accepted, but there certainly exists
a large area for improvement of present designs.

The stability problem which caused considerable concern in the early
stages of the BORAX experiments is becoming better understood. Stabili-
ties can now be estimated for a new design through the application of the
principle of feedback analysis, as will be explained in subsequent chapters.
In general, designers feel that they are aware of most of the major prob-
lems concerning boiling reactors, and that the present experimental pro-
grams represent feasible approaches to the solutions.
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CHAPTER 3

EXPERIMENTAL INVESTIGATIONS ON
BOILING WATER REACTORS

INTRODUCTION

Reference was made in the two preceding chapters to some of the
early experiments at Argonne National Laboratory on steam bubble
formation and heat transfer rates by the use of clectrically heated ele-
ments immersed in water.! These tests were necessary in order to deter-
mine whether heat transfer rates and steam release velocities were large
enough to make boiling reactors feasible. As indicated, these experiments
were extremely encouraging so far as these aspects of the problem were
concerned. They showed that expulsion of water moderator by steam
can be very rapid. Steam velocities of over 60 ft/sec were observed at
atmospheric pressure, while velocities of about 10 ft per sec were observed
at 260 psi. These first tests by the early workers at Argonne constituted
the beginning of an experimental program on boiling reactors that in-
cluded the BORAX tests, as well as many other experiments that extend
to the present day. The first tests were at atmospheric pressure but these
were followed by tests, first at 260 psi, and later at 600 psi.

The mechanism of boiling is complicated by many variable factors,
such as density, friction, pressure, rate of heat transfer, and in nuclear
reactors, by neutron activity. To evaluate the effect of these various
factors both singly and in combination in natural circulation boiling, the
experimental program was expanded and it is still being pursued, as noted
above. This program has developed from the simple studies at atmos-
pheric pressure made by Untermyer and his associates in the pre-BORAX
days to rather complex high-pressure boiling systems now being investi-
gated. Table 3-8 lists, chronologically, the various apparatus and sys-
tems used. They will be described later in this chapter.

TaE BORAX EXPERIMENTS

The BORAX Experiments have provided a considerable amount of
useful information and data, and have contributed significantly to the
Power Reactor Development Program of the AEC. In 1952, at the insti-
gation of S. Untermyer, serious plans were first made for determining, in
an experimental reactor, the self-limiting characteristics of water-cooled
reactors and the operating characteristics of boiling reactors.? The reac-

45
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tor was first set up near the Experimental Breeder Reactor-I at the
Reactor Testing Station in Idaho in the early summer of 1953. During
the remainder of the summer and early fall, the reactor was put through
a series of runaway excursions and periods of steady boiling operation,
the latter covering opcrating pressures up to 130 psig. Quite obviously,
it was not possible to determine all the characteristics of boiling in such
a short time. Conclusive proof was, however, obtained that stcam forma-
tion is a most effective, reliable, and rapid power-limiting process, capable
of protecting properly designed reactors against reactivity excursions
which produce reactor periods even shorter than 5 milliseconds. Steady
boiling operation demonstrated that some of the applications of boiling
operation were certainly feasible and that the prospect for a true boiler
reactor was promising. The detailed results of these experiments arc
given in the following pages. This group of experiments has been given
the code name BORAX, and the experimental reactor used has bheen
known as the BORAX reactor.

BORAX-I

To date there have been four different BORAX experiments or reac-
tors.** The first, BORAX-I, built in 1952, was built to determine the
stability of a reactor using boiling water both as a heat-transfer agent
and moderator. It used aluminum-uranium alloy MTR type fuel ele-
ments.

As noted above, it demonstrated that a boiling reactor could operate
stably but also that it had a high degree of inherent safety in its ability
to shut itself down in a power excursion. Figure 3-1 is a vertical section
of BORAX-I. The reactor was constructed outdoors and was operated
remotely from a control station half a mile away. The reactor tank was
contained in a larger shield tank of 10 ft diameter which was sunk part
way into the ground and had earth piled up around it for additional
shielding. Adjacent to the shield tank therc was a pit with concrete walls
in which was installed equipment for filling and emptying the reactor and
shield tanks, and for preheating the water in the reactor tank. The reac-
tor tank, 4 ft in diameter and about 13 ft high, contained the reactor
core, which consisted of an adjustable number of plate-type fuel elements
held at the bottom by a supporting grid and at the top by a removable
cover grid.

In operation the tank was filled with water to a height of 3 or 41, ft
above the top of the core; this water constituted the reflector, moderator,
and coolant. The shield tank was filled with water only when the reactor
was shut down. The experiments were made with two different cores
designated Reactors I and II, respectively, for the BORAX-I and 1I
experiments (see Table 3-1).
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Fig. 3-2. Standard fuel assembly.
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F1c. 3-3. Core loadings for Reactors I and II.



EXPERIMENTAL INVESTIGATIONS ON BOILING WATER REACTORS 49

TABLE 3-1

ComprarisoN oF BORAX-I anp -IT

Reactor [ Reactor 11
Ratio, Al/H,0 0 626 0.49
U2 content per fuel element, g 138.6 93.4
or
157.3
Number of fuel plates per element 18 10
Plate spacing (between center lines), in. 0.177 0 324
Measured reactivity loss with temperature
increase, 9, keg:*
80 to 200 F 0 82 0.45
80 to 280 ¥ 1 93 076
80 to 420 F 1 57
Calculated loss of reactivity caused by
replacement of 109, of core water by
steam, at 200 T, 9 key 24 10
Effective neutron lifetime, sec 6.5 X 1075 75X10°°

* key = effective reactivity.

The reactor contained five control rods which were operated by drive
mechanisms located in the rectangular housing above the shield tank.
The connection from the mechanism to the rods was through a spring-
loaded magnetic coupling. These couplings could be released in unison
or individually, allowing the rods to drop freely downward under the
acceleration of the springs plus gravity. When released, the center control
rod dropped out of the reactor core to apply the excess reactivity used for
the experiments. The other four rods, when released, dropped into the
reactor core to terminate the experiments. Each rod traversed the length
of the core in about 0.2 sec.

The fuel elements were made of 18 curved aluminum-clad aluminum-
uranium alloy plates, of 60 mils total thickness, fastened into aluminum
side plates to make boxes roughly 3 inches square. Figure 3-2 is a draw-
ing of the fuel element for one of the reactors. The other reactor (Reac-
tor II) used elements of identical outside dimension but each element
contained only ten of the fuel plates.

Each reactor was loaded, for any given experiment, with the number
of fuel elements which would give a convenient amount of reactivity.
Typical loadings for the two reactors are diagrammed in Fig. 3-3. Reac-
tor II contained several elements of higher uranium content around its
periphery to flatten the power distribution.
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The relationship between asymptotic reactor period and excess reac-
tivity for the reactors is given in Fig. 3-4 (curves a and b). For larger
cxcess reactivities the period (r) is given by

1*
r= -
kex(l - ﬂ) - ﬁ

where 8 is the total delayed neutron fraction and 1* the effective neutron
lifetime. Other characteristics of the two reactors are summarized in
Table 3-1.

The core of the reactor was divided into quadrants and the control rods
were located in the openings so obtained. Each of the four blades (shim
rods) was about 7 inches wide and consisted of a cadmium insert, nickel-
plated for corrosion resistance in an aluminum supporting structure. The
central control rod was a flat blade of aluminum, containing cadmium
inserts in the form of 30-mil strips of adjustable width.

An antimony-beryllium neutron source was built into the connecting
tube of one of the dummy plugs, at mid-core level. It remained in the
reactor throughout operation.

Water flow under natural convection during boiling runs was vertically
upward through the reactor core, returning downward through the reflec-
tor. During severe transients water was no doubt expelled both upwards
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Fia. 3-5. Control rod drive structure. Note mirrors mounted for photo-
graphic records of transients.

and downwards from the core. The reactor could be electrically preheated
to the desired operating temperature by an external heating system con-
sisting of a circulating pump and immersion heater.  Another pump was
used to transfer water between the demineralized water storage tank and
the reactor. A third pumping system was used to fill and empty the
shielding tank.

The control rods were moved and positioned by an external drive
mechanism, shown in Figs. 3-5, 3-6, and 3-7, with magnetic attachment
to armatures on the control rod extensions. Magnet assemblies were
attached to hollow shafts through which the magnet power lines were
carried, and these shafts were directly coupled to the drive mechanism
proper. Since the drive mechanism pierced the pressure vessel head
through packing glands when the reactor was pressurized, it was neces-
sary to effect magnetic disengagement inside the reactor tank. Spring
loaded ejection plates were incorporated in the magnet assemblies to
inerease rod veloeity during seram or initiation of transients.

The four blade (shim) rods were ganged to a common ball nut and
lead screw drive. This was driven by a conventional gear-motor and
speed reducer. The central rod was positioned by a rack and pinion
drive, also driven by a conventional gear-motor and speed reducer. Since
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Fi. 3-6. Control rod drive assembly.

it was necessary to provide sufficient force on the descending magnets to
compress the ¢jection springs and promote metal-to-metal contact be-
tween the magnet and control rod armatures for engagement, it was desir-
able to limit the torque by stalling the motors. Voltage control was
therefore used to reduce the locked rotor torque to the desired value.
sinee a failure of the magnetie engagement of the central rod to its drive
would instigate a reactor transient, a mechanical safety lateh was built
into the system which required manual setting, control-air pressure, and
instrument power for release. By this method unplanned transients were
avoided. A magnetic cluteh was placed in the central control rod driving
system, and the control rod externally counterweighted. De-energizing
this clutch allowed the rod to be rapidly returned to its full upward
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Fia. 3-7. Control rod drive assembly.

(black) position and was of value in rod calibrations, as well as serving
as a sccondary rapid shutdown.

During operations, all personnel were removed from the reactor area
and the reactor was remotely controlled. The shielding requirements,
therefore, were based upon long-lived decay radioactivity. Since the
duration of the individual runs was of the order of an hour, the buildup
of fission products was not excessive, and shielding requirements were
satisfied by the use of sand and water.

The reactor was placed in a shield tank 20 ft deep, setting on a concrete
slab 10 ft below ground level. Sand and gravel were piled up around the
shield tank at about a 45 degree angle. The reactor core was located
approximately threc feet below ground level, and personnel at ground
level were shielded by at least 11 ft of sand and gravel. The arrangement
permitted access at all times immediately after termination of a run. At
times when it was necessary for personnel to work on the reactor, the
shield tank was filled with water, and subtolerance radiation levels were
reached with a few hours decay.

The reactor control boards and nuclear indicators necessary for reactor
control were located in a trailer just outside the EBR-I (Experimental
Breeder Reactor) fence, and one-half mile from the reactor. Electrical
switchgear and nuclear signal amplifiers were located in a trailer adjacent
to the reactor. These two trailers were interconnected with half-mile
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lengths of multi-conductor cables and coaxial cables as required. A third
trailer located near the EBR fence contained a photographic dark room
and auxiliary equipment. All electric motors except the control rod drives
were powered through magnetic contactors in the reactor trailer with
110-v, 3-wire pushbutton controls on the control boards in the control
trailer.

Control rod drives and reactor shutdown. Three-phase, 220-v motors
were used to power the control rod drive mechanism. Total speed reduc-
tion was about 400 to 1 making it necessary to reduce the voltage to these
motors so that the locked rotor torque was limited to a reasonable value.
This was done by adjustable autotransformers in the power leads.

Magnet current was supplied by full wave bridge rectifiers with voltage
control on the a-c side. The change in impedance of the magnet coil when
the armature was engaged was utilized to indicate when the control rod
was held by the magnet. Contact switches were used to signal, through
pilot lights, when the control rod armature was in the dashpot. Selsyns
were used to indicate the location of the control rod drive mechanism
and, indirectly, through the indication of the control rod armature-magnet
engagement, the position of the control rod in relation to the core.

During tests of the runaway type, transients were started by manually
activating the release latch (to permit the rod to drop from the magnet)
and then manually de-energizing the magnet of the control rod. At a
preset time following the central rod ejection a timer automatically de-
energized the shim rod magnets to inject the shim rods and terminate
the experiment. '

Fast reactor shutdown (scram) was effected by de-energizing relays
in the magnet current power leads through push buttons located on the
control board. Any or all of the four shims could be de-energized manu-
ally, with the scram signal de-energizing all four. Scram could be ini-
tiated by the transient timer, manually through push buttons located on
the control boards in the reactor trailer and, when consistent with the
experiment being performed, by the reactor period meter and the linear
power meter. Fast reactor shutdown could also be effected by inter-
rupting the shim rod magnet energizing current directly at a telephone
jack connection located on the control board. A six-inch dump valve
could be opened by means of push buttons on the control board. This
valve dumped the water from the reactor into the pump pit constituting
a slower but positive shutdown process.

Electric pressure transducers were used to telemeter the water levels
in the reactor tank and shield tank to an indicator on the control board.
Eight thermocouple circuits were available to transmit water tempera-
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TaBLE 3-2

ProGgraM oF FUEL AppITIONS

Addition Grid Wox:t%l of Total Core
addition, number volume,
number Space %% ket assemblies liters
1 13 1.22 27 103
2 18 0.94 28 107
3 24 1.00 29 111
4 12 — 30 115
5 | 7 and 30 1.29 32 122

tures and some key machinery temperatures. The reactor was filled and
emptied by a pump located in the pump pit and controlled from the con-
trol board.

The electrical pre-heating system operated by circulating the reactor
water through a side loop over the immersion heaters of 150 kw rating.

During pressurized operations, the reactor pressure was telemetered to
the control board, and recorded. A limit switch in this recorder also
activated a quick valve opening in case of over-pressure.

Criticality. The rcactor reached criticality when the core had been
built to 26 fuel elements (3.60 kg of U235). With this loading the reactor
has 0.23 per cent excess reactivity at 94 F. As the program progressed
and more excess reactivity was required, further fuel elements were added
in the sequence indicated in Table 3-2. The worth of the added fuel
elements is presented in the table for those cases in which it was measured.

The thermal neutron flux distribution was roughly mapped over the
volume of the core with gold foils at a low power level (a few watts) and
with cobalt foils during steady boiling operation at a power of about
600 kw.

Typical transient behavior. The objective of these experiments was to
determine the extent to which the reactor, by the formation of sufficient
steam to render the reactor subcritical, would protect itself against the
effects of sudden large, externally caused, reactivity increases. The cen-
tral control rod had a length double that of the core and contained neutron
absorbing material (cadmium) in the bottom half of its length. If the
reactor was critical with the bottom (absorbing) part of the rod partially
inserted in the core, ejection of the rod downward under the force of
gravity plus the force of the ejection springs would impose upon the reac-
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The measure periods (7) are marked on the three (logarithmic) lon
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at the Reactor

The bottom-most trace is from a pressure transducer in the reactor
core

Fig. 3-8. Typical record of power excursion.

tor a sudden reactivity increase equal to the reactivity worth of that
portion of the rod which was initially in the core.

The initial power was sufficiently low and the speed of the rod ejection
was sufficiently high so that in almost all cases the rod was completely
out of the core and the reactor period reached its stable value before the
reactor power had risen high enough to produce significant thermal effects.
The power was allowed to continue to rise until the formation of steam
in the reactor core reduced the reactivity below criticality and caused the
power to fall to a low value. After it was cvident that the power had been
safely limited by the formation of steam, the remaining four control rods
were dropped into the reactor to terminate the experiment, referred to as
a power excursion. By proper adjustment of the number of fuel elements
in the reactor core and of the positions of the four outer control rods, the
reactor could be made critical with the center control rod inserted to any
desired degree in the core. The magnitude of excess reactivity applied by
ejection of the center rod could thus be adjusted at will.

Figure 3-8 is a reproduction of a typical chart from the multichannel
magnetic oscillograph which recorded the data on the experiments. In
this case the applied excess reactivity was 1.4 per cent k.;; and Reactor I
was used. The neutron flux (proportional to reactor power) was recorded
over about three decades by three different neutron-sensitive ion chambers
working through logarithmic amplifiers. The stable reactor period (r)
was indicated by the three ion chamber records as 0.0096, 0.0107, and
0.0109 sec, respectively. The temperature of one of the fuel plates, which
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was situated at roughly the highest flux position in the core, was recorded
by two fast-response thermocouples. Both of the couples were located
near the position of maximum neutron flux; one was installed on the sur-
face of the plate, the other at its central plane. There is little difference
between the two temperatures, because of the high thermal conductivity
of the thin plate.

The ion chambers, which were calibrated in terms of absolute power
by thermal methods, indicate that the reactor power reached a maximum
value of 220 Mw before the formation of steam checked the rise. Further
generation of steam reduced the reactivity below the critical value and
caused the power to decrease very rapidly to a value of about 0.2 Mw.

Once the initial power excursion has been checked by boiling in the
reactor, the specific power variation depends both quantitatively and
qualitatively upon the amount of excess reactivity to which the reactor
was initially subjected and upon the bulk temperature of the reactor
water. Figure 3-9 contains tracings from excursion records for Reactor I
similar to those of Fig. 3-8, but of longer duration. They summarize the
typical behavior of the reactor for various amounts of applied excess
reactivity when the reactor water is initially at saturation temperature.
When the excess reactivity applied is low, corresponding to a reactor
period of about 0.03 sec or longer, the reactor power after the initial surge
settles down to a relatively steady value in the neighborhood of half a
megawatt (top curve Fig. 3-9). For this type of excursion the self-regu-
lating characteristic of the reactor operates rapidly enough to stabilize

9 Mw 0.4 Mw

7=0.07 ‘-l-\

1.2 Sec~l 30F

34 le 11 Mw
0.4 Sec
" 08

220 Mw

7=0.01

0.2 Sec
A 150

1800 Mw

7=0.005,

0.1 Sec
JTa00F

These were traced directly from the Galvanometer Records.
Note that the Time Scale changes from run to run.
The period () of the excursion is marked on each run by seconds.

Fic. 3-9. Representative records of excursions at saturated temperature with
various excess reactivities.
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F1e. 3-10. Reactor power variation during 10-sec run following initial excur-
sion of 14-msee period.

the power at a steady value characteristic of the amount of applied excess
reactivity. After the power has reached this steady state, further reactiv-
ity could, of course, be applied, and the reactor would continue to operate
stably in steady boiling at a higher power.

If the excess reactivity which is applied by ejection of the control rod
exceeds that corresponding to a period of 0.02 or 0.03 sec, the initial power
excursion is followed by a series of qualitatively similar excursions of
smaller amplitude which occur at intervals of about 1 see (second curve
Fig. 3-9). The amplitudes of the successive excursions, although they
vary in an irregular manner, have no sustained tendency to increase or
decrease. This type of operation is referred to as chugging.

When the applied excess reactivity was greater than that corresponding
to about a 0.01-sec period, the chugging was no longer observed, and
the power after the first surge remained at a low value. This permanent
shutdown was no doubt the result of expulsion of sufficient water from
the reactor tank to partially uncover the reactor core. The occurrence
of this behavior in other reagtors would, of course, depend upon the
specific design of the reactor in question.

When the applied excess reactivity was increased to about 2 per cent
kett to give periods in the 0.005-sec range, the qualitative behavior of
the reactor power remained the same, but the fuel plate temperature did
not drop immediately after the power surge (bottom curve, Fig. 3-9).
The fuel plate temperature remained high for almost a second after the
power surge and then decreased by small jumps, as though the plate had
been blanketed by steam for some time after the power excursion.

Experiments of this type were not carried to periods shorter than about
0.013 sec when the reactor water was cooler than the saturation tempera-
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Fi6. 3-11. Power and fuel plate surface temperature rise during power excursion.

ture. With this condition, which will hereafter be called the subcooled
condition, chugging was never experienced. In all cases after the initial
power excursion the reactor power stabilized at some more or less steady
value. Figure 3-10 is a record of such an experiment on Reactor I, in
which the initial period was 0.014 sec. Although the reactor power
oscillated after the excursion, the oscillation amplitude was very much
less than that for typical chugging operation.

Some of the details of the nuclear and thermal behavior of the reactor
during a power excursion are illustrated by Figs. 3-11(a) and 3-11(b),
which apply to the subcooled Reactor I for excursions of two different
periods. The curves show the time variation of reactor power, on a linear
scale, and the fuel plate surface temperature. In these experiments the
fuel plate, with thermocouple attached, was coated with a thermally
insulating plastic over a section of its length. The temperature of this
section of the plate is also included in the figures. This temperature,
except for the effect of a small heat loss through the thermal insulation,
is proportional to the total nuclear energy liberated in the plate. The
point at which there is a sharp deviation between the temperature of the
bare section and that of the insulated section evidently marks the
beginning of rapid steam formation at the bare plate surface. Up until
this time the temperature of the bare plate, like that of the insulated
plate, is roughly proportional to the time integral of the reactor power.

Since no single fuel plate can produce sufficient steam to shut the reactor
down, it is evident that the time relationship between peak reactor power
and peak temperature of the bare fuel plate, as well as the ratio of
maximum bare plate temperature to maximum insulated plate tempera-
ture, will depend upon the local value of power density at the plate
location relative to the power density elsewhere in the reactor. The
plate used for these measurements was located at or near the maximum
power density, and the thermocouples were installed near the point of



60 BOILING WATER REACTORS

s
]
g

{3

©

O
D

Energy, megawatt seconds

Maximum Surfaoce Temperature Rise,

! | ! ! 0
1] 40 80 120 160 200

Reciprocal of Period, sec™!

Fi6. 3-12. Maximum temperature rise of fuel plate surface and total energy
release during power excursion of various exponential periods. Reactor I at
saturation temperature and atmospheric pressure,

22 T T T T T T %
20 |- — §
ot 1 3 |
-2 6 @ Fic. 3-13. Maximum temper-
B 's >
§ Ll i .E ature of fuel plate surface and
g 2k total energy release during power
g w0k i 1 excursions of various exponential
= 8} 160 periods. Reactor I at room tem-
140
‘g 6+ 4120 perature (approx. 80 F) and at-
1100 1 .
4t J8 & mospheric pressure.
{ ¢
2 4 40
1 1 1 1 1 1 1 ] 200 *
O 10 20 30 40 50 60 70 80 = 3

Reciprocal of Period, sec=!



EXPERIMENTAL INVESTIGATIONS ON BOILING WATER REACTORS 61

maximum power density in the plate. Nevertheless, Fig. 3-11(a) indi-
cates that for long period excursions other plates were responsible for
the first formation of steam, since power began to decrease before plate
temperature reached saturation.

Effects of several variables on power, energy, and fuel plate temperature.
Both the total nuclear energy liberation and the maximum fuel plate tem-
perature reached during a power excursion depend upon the amount of
excess reactivity involved in the excursion. In the following presentation,
the reciprocal of the stable reactor period is used to characterize the excess
reactivity. The relation between the two is given in Fig. 3-4. In Fig.
3-12 the total energy* liberated by the power excursion and the maximum
fuel plate surtace temperature are plotted as functions of the reciprocal
period for the case in which the reactor water was at saturation tempera-
ture before the excursion began. The shapes of the two curves are quite
similar; in fact, the maximum fuel plate temperature rise is roughly pro-
portional to the energy of the excursion for all periods shorter than about
0.03 sec, and the peak temperature corresponds to the temporary storage
in the fuel plate of 60 to 70 per cent of the total energy of the excursion.

The energy liberation and maximum fuel plate temperature for the
condition in which the reactor was initially at room temperature are
given in Fig. 3-13 for Reactor I. The plotted temperature is the maxi-
mum above saturation temperature at atmospheric pressure rather than
the total temperature rise. The fuel plate temperature is somewhat higher
(and the energy release is much higher) for a given reactor period than
in the case of saturated reactor water.

For the cases of both saturation temperature and room temperature
water the total energy liberated during the power excursion was nearly
proportional to the product of the maximum power and the period. These
quantities are plotted in Fig. 3-14 for the experiments made with Reac-
tor I. The slope of the line is about two.

In comparing the behavior of the two reactors, I and II, which differed
in core size, it is more informative to compare energy density or energy
per fuel plate than to compare total energy. In Fig. 3-15 the energy
release per fuel plate is compared, as a function of reciprocal period, for

* Throughout the section on solid fuel reactors the term energy is used to refer
to the prompt fission energy which is converted to heat in the fuel plates. The
total energy release, including delayed emission and energy converted to heat
directly in the reactor water, is about 15 per cent higher. A consistent definition
is used for reactor power. By the total energy of a power excursion is meant the
energy liberation up to the time of the first minimum in reactor power.
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Fic. 3-15. Energy release of hottest fuel plate during power excursions in
Reactors I and II. (a) Reactor water at saturation temperature and atmospheric
pressure; (b) Reactor water at room temperature and atmospheric pressure.

‘

the two reactors: Fig. 3-15(a) is for the case of saturated reactor water,
and Fig. 3-15(b) for the case of room temperature water. The dashed
portion of Fig. 3-15(b) is an upper limit only. The plotted energy release
is that of the fuel plate in the position of highest neutron flux. In com-
paring the behavior of the two reactors, reference should be made to
Table 3-1. Note that the volume of water associated with each fuel plate
is about twice as great for Reactor II as for Reactor I. If the energy
release per unit volume of water is compared, the values for Reactor II
are only slightly higher than those for Reactor I, despite the fact that the
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steam coefficient of reactivity is more than twice as great for Reactor I
as for Reactor II.

In Reactor II the investigation of power transients was extended to
reactor pressures as high as 300 psi. The pressurization of the reactor
was by the vapor from the reactor water. Consequently, only the satu-
rated condition could be investigated. The power excursions were run
with the reactor tank completely closed. In no case did the pressure in
the steam space above the reactor water rise by more than about 5 psi
as a result of an excursion. The effect of pressurization is to decrease
both the energy released in an excursion of given period and the maximum
temperature rise of the fuel plates (Fig. 3-16). This was possibly due to

the greater change in density of the liquid with temperature at the higher
pressure.

Pressures generated during excursions. The energy by which water
is ejected from the core to terminate the short period power excursions
can only be obtained from an accelerating pressure built up within the
reactor core. This pressure is, of course, produced by the generation of
steam at the fuel plates. Provision was made for measuring the pressure
in the core by means of electrical strain gage pressure transducers. Reli-
able pressure records were obtained, however, on only a few excursions
of relatively long period. Splashing of water (see Fig. 3-17), which oc-
curred with the shorter period excursions, resulted in wetting of the trans-
ducer wiring at unanticipated points, and perhaps did some mechanical
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Fic. 3-17. Water expulsion during 5-msce exeursion.
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Fic. 3-18. Record of power excursion showing pressure variation. The excur-
sion was made with reactor temperature initially at saturation, with 0.058-scc
period. The two pressure traces are from transducers having different sensitivi-
ties. The upper temperature trace is from the surface of fuel plate I; the lower
trace from the center of plate II.
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damage to the transducers themselves, which led to inconsistent results.
The limited time available for the experiments did not permit the correc-
tion of these difficulties. Figure 3-18 is a record of a power excursion
including pressure records from two transducers of different sensitivities.
The shape of the pressure curve is consistent with the interpretations
previously put upon the ion chamber and thermocouple records; the pres-
sure begins to rise at about the time the reactor power breaks sharply
away from the exponential and reaches its maximum value when the
power is dropping off sharply.

The pressure records which were obtained at shorter periods recorded
a maximum pressure of about 70 psig for the excursion of 0.005-sec period.
Within the wide scatter of the records it appears that pressure might have
increased linearly with reciprocal period. It is believed, however, that
these recorded pressures are considerably too low. In fact, photographic
records indicate that virtually all of the water was expelled from the core
during the shorter period excursions. Since the ion chamber records indi-
cate that expulsion was completed in, at most, about 4 reactor periods
(see Fig. 3-19) it is difficult to see how such rapid water expulsion could
be achieved without considerably higher pressures.

The pressures generated during the fast excursions did some mechanical
damage to the recactor core. During the sequence of excursions with
periods between about 0.01 and 0.005 sec, the outermost plates in many
of the fuel assemblies (Fig. 3-2), which are normally concave outward,
were permanently reversed in curvature, giving an assembly which was
convex on both sides. After these experiments the core was disassembled,
and the bent plates were pounded roughly back into shape, but they were
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F1a. 3-19. Comparison of three power excursions of different initial periods.



66 BOILING WATER REACTORS

no longer very strong. The subcooled excursion tests were made after this
repair of the initial damage. As the subcooled tests with 0.013 sec period
progressed, it was evident from slight permanent changes in reactivity
that the deformation was again occurring. This deformation proceeded
to the point where the innermost fuel assemblies began to be pushed into
the control rod channels. At this point the excursion tests were discon-
tinued, the fuel assemblies were again straightened, and the investigation
of steady boiling was begun. It was because of this deformation that the
subcooled excursions were not run at shorter periods. There is no reason
to believe that the subcooled experiments would have deformed the assem-
blies if they had not been already weakened by the previous bending, since
visual and photographic observations showed that the water agitation
associated with the subcooled experiments was far less than that which
had occurred previously with shorter period excursions at saturation tem-
perature. It should be emphasized that this damage to the reactor core
was purely a function of its particular mechanical design and was caused
by pressure alone. The necessary differential pressure across the end fuel
plate for reversal of its curvature at room temperature has been shown to
be between 18 and 25 psi. The total pressures generated in the core during
the transient runs were at least several times this value.

Figures 3-20 through 3-23 are enlargements of individual frames of
16 mm motion picture records which were taken of some of the excursions.
For the less violent excursions (Figs. 3-22 and 3-23) the camera was
located just outside the earth shield and looked down upon the open top
of the reactor, where control rod magnets and the surface of the reactor
water were visible. The core itself was not visible. Figure 3-5 is a photo-
graph of the reactor showing the location of the mirrors for these movies.
For the more violent excursions (Figs. 3-17, 3-20, and 3-21) the motion
picture camera was set up at some distance from the reactor to record
the expulsion of water and steam. The approximate times indicated on
the photographs are measured from the time of release of the central con-
trol rod. These excursions were made with the reactor water initially at
saturation temperature and are; in fact, two of the excursions whose power
records are reproduced in Fig. 3-19. It is interesting to note that in the
frames of Fig. 3-20 marked 840 msec and 1180 msec, the pressure inside
the control rod housing has lifted the corner of the top of the house
an observable amount.

Figure 3-22 depicts a subcooled excursion with a period of 20.2 msec.
The flash of light produced by the reactor as it went through its power
surge can be seen in the photograph in the upper right hand corner of the
page. Most of the agitation of the water surface occurs after this light
flash disappears, i.e., after the reactor power has dropped back to a rela-
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Fiec. 3-20. Motion picture records of power excursions. Period, 6.1 msec.
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Fic. 3-21. Motion picture records of power excursion. Period, 5 msec.
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Fie. 3-22. Motion picture records of power excursion. Period, 20.2 msec.
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Fig. 3-23. Motion picture records of power excursion. Period, 23 msec.
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tively low value. This is no doubt a result of the fact that much of the
total steam formed during the excursion is produced by heat stored in
the fuel plates after reactor power has decreased. A further striking
characteristic is the relatively mild effect of these excursions insofar as
agitation of the water surface is concerned.

Figure 3-23 was made with a double mirror rather than the single one
used in Fig. 3-22. Figure 3-23 represents an excursion of about the same
period as that of Fig. 3-22 but with no subcooling. Agitation of the water
surface is considerably more violent, and a little water is spilled over the
edge of the tank.

Steady boiling runs. The reactor was operated as a boiling reactor, at
steady power, with the lid of the reactor removed. Figure 3-5 shows the
reactor boiling at about 700 kw. Power was indicated by an ion chamber
in a thimble on the inside wall of the shield tank, and could be recorded
simultaneously on a Brown Electronik recorder and a fast Brush recorder.
The chamber was calibrated for absolute power by heating the reactor
under its own power. Inasmuch as these calibrations were made with a
nonboiling reactor, and the neutron leakage to the ion chamber is a
function of the water density in the reactor core and, particularly, of the
density in the reflector, these calibrations contained some uncertainties.
Theoretical corrections for the effects of steam voids in the core were
estimated, but an uncertainty of 10 to 15 per cent exists in the calibration.

The usual history of a boiling run was roughly as follows. The reactor
water was heated to the boiling point by the electric heaters, the heaters
and circulating pump turned off, and the reactor made critical at a low
power by withdrawal of the control rods. A control rod was then further
withdrawn to put the reactor on a period between 5 and 30 seconds; then
power was allowed to rise on this period until the boiling began and steam
in the reactor compensated the excess reactivity, causing power to level
off of its own accord to some steady value. The power was then increased
in steps by incremental withdrawals of the control rod. The reactivity
added to the reactor by control rod motion after initial criticality is called
the reactivity compensated by steam. When this quantity was relatively
low, the power output of the reactor was subject to fluctuations of plus or
minus 10 to 20 per cent. These fluctuations did not occur with any notice-
able regularity, but had the appearance that one might expect from irreg-
ular bubbling in a boiling system. After the reactivity compensated by
steam was increased above 1.5 or 1.6 per cent k.., the variations began to
appear as oscillations of definite frequency, the frequency ranging from
about 1.2 to 1.8 cycles/sec. These oscillations occurred in pulses contain-
ing several complete oscillation periods. The pulses were separated from
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one another by periods of irregular variation similar to those seen at the
lower reactivities. As the reactivity compensated by steam was increased
further, the amplitude of these oscillations increased, the number of oscil-
lations per pulse increased, and the interval between pulses decreased,
until finally the oscillation was practically continuous, but with varying
amplitude.

In a run after a last increase in reactivity which increased the reactivity
compensated by steam to 2.6 per cent, the reactor operated for about half
a minute with power oscillations of amplitude which varied from almost
zero to a maximum. It then went through a series of oscillations of rap-
idly increasing amplitude which in the space of a few oscillations took on
the characteristics of chugging operation of the type previously described
in connection with power excursions. If the ion chamber calibration can
be assumed to remain constant during this operation, the average power
of the reactor increased by a factor of 2 to 3 over that just prior to the
onset of chugging. Maximum powers of 50 to 60 megawatts were reached.
It is possible, however, that the water agitation resulting from the chug-
ging changed the average leakage of ncutrons from the reactor to the ion
chamber and that the ion chamber therefore did not measure actual
power. The reactor was shut down by the insertion of the shim rods and
the chugging operation caused no damage to the reactor. Actually, more
violent chugging operation had been experienced for periods up to 20
seconds in previous runs of the excursion type. The maximum period
attained by the chug which reached the highest power was 0.017 see. Thie
represents an excess reactivity of about 1.2 per cent k¢, only about half
the total (2.6%) which had been added and was previously compensated
by steam.

Boiling operation at higher pressures. Operation at higher pressures
demonstrates some additional characteristics of the boiling reactor beyond
those observed at atmospheric pressure. These characteristics have to do
primarily with effects of the various system variables upon reactor opera-
tion. They become apparent under pressurized operation because, in the
first place, a pressure regulator must be added to the system and, in
the second place, the heat capacity of the reactor and its water represents
a more important heat reservoir as a result of the higher operating tem-
perature. The behavior of the reactor can best be understood if it is
remembered that, roughly speaking, the reactor will regulate itself to pro-
duce steam at a constant rate so long as the positions of control rods are
not changed. Since all the heat produced by the reactor need not neces-
sarily go into the vaporization of water, the reactor will not necessarily
regulate itself to & constant power output. Thus, for example, if cooled
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makeup water is injected during operation, heat will be required to raise
the temperature of the water to the saturation point, and reactor power
may be expected to increase if control rod positions are held constant.
Again, if during reactor operation the pressure control valve allows reactor
pressure to increase, extra energy will be produced by the reactor to heat
the reactor water to the correspondingly higher saturation temperature.
Variations of these kinds were observed during reactor operation. The
pressure regulating valve was used with a wide proportional band, and the
pressure maintained by the valve was, therefore, a slowly varying func-
tion of steam flow. Cold makecup water was injected, as required, to replace
that boiled off. The injection was at a relatively fast rate, higher than the
rate of evaporation attained in any of the runs; during any given run,
therefore, water was injected either too rapidly or not at all, and neither
process could be continued for long without running the reactor water
level either too high or too low. Since the heat capacity of the reactor
system was high, a relatively long time was required to attain thermal
equilibrium. These ecircumstances, plus the desire to explore the effects
of all system variables and to find any that might conceivably lead to
instability, resulted in few runs at equilibrium conditions.

As in the ease of boiling at atmospheric pressure, in the pressure runs
the fluctuations were of two kinds: an irregular fluctuation of small ampli-
tude when reactivity compensated by steam was less than about 2 per cent
kers, and an oscillation of definite frequency and higher amplitude for
reactivities above about 2 per cent. In pressurized operation, the ampli-
tude of the irregular fluctuation was quite small, amounting to less than
plus or minus 5 per cent in all cases, and usually about plus or minus 2
to 3 per cent. The transition from the irregular to the oscillatory varia-
tion usually occurred at a somewhat higher reactivity than the atmos-
pheric pressure (at about 2% Ak, as compared with about 1.6% Ak, at
atmospheric), and the oscillations when they did occur were smaller and
more regular in shape than those at atmospheric pressure. Figure 3-24
is a record of a complete boiling run on which has been plotted the ampli-
tude (ratio of maximum to minimum power) of the fast fluctuation. Note
that the oscillations themselves are not plotted. This plot illustrates the
way in which the oscillations build up and die out even when other oper-
ating conditions of the reactor are held constant.

It will be obvious from the data presented here that these first experi-
ments with a boiling reactor were indeed promising. They proved that
operation was steady up to a steam content corresponding to at least 2
per cent k... At higher reactivities power irregularities occurred, but the
resulting oscillatory boiling represented a stable regime which is main-
tained up to still higher reactivities. It was realized, however, that it
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could hardly be expected that a boiling reactor of the simple type involved
could be operated at much higher powers, and plans were made to extend
the experiments with more elaborate equipment and with a larger core.
Most important, however, was the fact that the reactor had proved to be
self-regulating.

The destructive experiment. In the short period experiments with
Reactor I at atmospheric pressure, the steam pressure which built up in
forcing the water rapidly from the reactor resulted in permanent deforma-
tion of the fuel plates. Because of this effect it was not possible to extend
the experiments to periods shorter than about 0.005 sec without damaging
the reactor to the point where it became unusable. Despite this mechan-
ical damage the maximum temperatures reached by the fuel plates did not
approach the melting temperature. It was decided that the reactor, which
by this time had fulfilled its other purposes, should be sacrificed in an
experiment which was violent enough to melt the fuel plates. For this
purpose a control rod worth 4 per cent k., was completely ejected from
the reactor core. To increase the severity of the experiment it was run
with the reactor water at room temperature. Although the ejection of
the rod required only about 0.2 sec, the rod was only about 80 per cent
out of the core when the reactor power reached its peak value. The mini-
mum period resulting from the ejection was 0.0026 sec.

The power excursion melted most of the fuel plates. The pressure
resulting from the molten metal in.contact with the reactor water burst
the reactor tank and ejected most of the contents of the shield tank into
the air (Fig. 3-25). The sound of the explosion at the control station, half
a mile away, was comparable to that resulting from the explosion of 1 to 2
pounds of 40 per cent dynamite on the bare ground at the same distance.

The total energy release during the excursion as determined by cali-
brated cobalt foils in the reactor core was 135 Mw-sec. Other data taken
during the excursion are less reliable because of the violent mechanical
effects of the explosion. Figure 3-26 is a reproduction of the transient
record. The absolute values on the power curve (4) may be in error by
30 or 40 per cent, and the shape of the decreasing portion may not be
correct. The fuel-plate thermocouple (curve B) failed long before peak
power was reached. Curve C is a temperature record from an insulated
fuel plate installed some distance outside the reactor core. It was used
for an auxiliary determination of total energy and does not give good
transient information, as it was connected to a relatively slow recorder.
A pressure transducer, which was installed in the reactor tank adjacent
to the reactor core, failed before it recorded a pressure of significant mag-
nitude (curve D). Analysis of the mechanical damage of the transducer,
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however, indicated that the peak pressure was at least as high as 6000 psi
and was probably higher than 10,000 psi.

It was evident from examination of the reactor debris that many of the
fuel plates had been practically completely melted. Others, evidently
those at the edge of the core, had been only partly melted, and portions
of them remained fastened to the side plates of the fuel elements. Some
of the fragments which had evidently been molten appeared as spongy
metallic globules. Other fragments appeared to have been molten inside,
while the outside clad remained, solid.

Most of the heavy debris fell to the ground near the shield pit. The
control rod drive mechanism, which weighed about a ton, fell on the side
of the earth shield, after having been thrown about 30 ft into the air.
Recognizable fuel plate fragments were thrown as far at 200 ft from the
reactor site. Surveys of the total fission-product radioactivity of all
the debris indicated that practically all of the fuel originally in the reac-
tor could be accounted for within a radius of 350 ft around the original
reactor location. Although these measurements necessarily lacked preci-
sion, they showed that no large fraction of the reactor core material left
the site in the form of airborne material. At the time of the experiment,
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the wind velocity was 8 miles/hr at ground level and 20 miles/hr at
250 ft above ground. Fifteen minutes after the experiment the total beta
plus gamma activity level, 3 ft above ground, at a point 0.8 mile directly
downwind of the reactor, was 5 mr/hr. At all points farther from the
reactor the effects of fall-out were less than this value. Momentarily
during the explosion, a gamma dose rate in excess of 400 mr/hr was indi-
cated on a survey meter half a mile from the reactor. This indication
decayed rapidly; the total dose received at the half-mile point (cross
wind) was less than 10 mr.

Both the observed radiation intensities and the mechanical damage
were roughly consistent with the measured nuclear energy release of 135
Mw-sec. Although the explosion was spectacular, its effects were com-
parable to those which could be caused by a moderate amount of chemical
explosive. The destruction of the reactor tank was not surprising, since
it was constructed of relatively thin (%%-in.) steel. Most of the equip-
ment outside the shield tank was either undamaged or repairable, and
much of it, including the control rod drive mechanism, was decontami-
nated, reconditioned, and reused on Reactor II.

There was no evidence that the power-limitation process in the destruc-
tive experiment differed qualitatively from that which was effective in the
carlier, non-destructive experiments. It was quite evident that the nuclear
power release was terminated at an early stage of the explosion; indeed,
high-speed motion pictures recorded the light flash emitted by the reactor
as it reached high power and showed that it was extinguished before any
ejected material appeared above the top of the shield tank. The flash
lasted about 0.003 sec. The energy stored in the fuel plates as sensible
heat and latent heat of fusion during the relatively short nuclear power
burst was, of course, released during the much longer explosion process.

Figure 3-27 is a plot of energy released as a function of reciprocal
period for all the power excursions made with cold water in Reactor I.
In plotting the curve, a constant energy of 4 Mw-sec has been subtracted
from each value. This is the quantity of energy which has been released
up to the time when the center temperature of the average fuel plate has
reached the atmospheric boiling point of water. The highest point on the
curve, which refers to the destructive experiment, does not appear incon-
sistent with the other values.

Summary of results of BORAX-I tests. While much remained to be
learned about boiling reactors, the first BORAX experiments proved that
the reactors investigated possessed a high degree of inherent safety and
indicated that it is possible to design practical reactors of these types
which will be safe against any reactivity accident which is likely to occur



78 BOILING WATER REACTORS

W= T T T[T T T 1,171

T

_.
& & 88
T T
| T R

8
I
l

T
L

o o _
o oo
T rrrTH

Total Energy Minus 4, megawatts—sec

s
lJllllll

20— —
- ]
1.0 1 I L I 1 ' 1 I Il I L J L l . L LL

10 20 40 60 80100 200 400 600 800 1000
Reciprocal of Reactor Period, sec -1

Initial Water Temperature 66°F to 82°F

Fic. 3-27. Total energy of excursions minus energy required (4 Mw-gec) to
raise temperature of center of average plate to the boiling point.

in practice. The consistent and regular behavior of the reactors during
the tests was reassuring. Although such behavior would have been ex-
pected in the case of the homogeneous non-boiling reactor, anomalies
would not have been surprising in the cases where shutdown depends
upon the rapid expansion of moderator and formation of steam. Actually,
in the entire series of some 200 experimental runaways, no inconsistencies
of behavior were observed which could not be attributed to instrumental
errors resulting from rather difficult experimental conditions.

In inferring the behavior of other reactors from those tested in these
first experiments, it was realized that the reactors had fuel plates of such
high thermal conductance that in all the non-destructive experiments the
metal plate represented no important impedance to the transfer of heat to
the water. It was quite obvious that the transient behavior would be
strongly modified and the effectiveness of steam limitation of power de-
credsed if a departure was made from this condition, as it might well be
in other designs. As described later in this chapter fuel elements of quite
different design have been used in other BORAX experiments, particularly
in the case of BORAX-IV, which uses oxide type fuel elements.
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Satisfied that the boiling water concept was feasible, after the destruc-
tion of this first reactor in the summer of 1954, Walter H. Zinn and his
associates at Argonne made plans to construct a new reactor, one capable
of operating at higher pressures and also with a much larger core than
that of BORAX-I. In the meantime, however, it was also decided to
build a more practical plant for the actual generation of power. This,
eventually, became EBWR, the Experimental Boiling Water Reactor,
built at the Lemont site of the Argonne National Laboratory near
Chicago.

Borax-II anp III

BORAX-II was constructed during the latter part of 1954 near the
site of BORAX-I, utilizing the same control trailer and a great many of
the actual parts of BORAX-I.> Some of the parts had been damaged
but could be salvaged. This reactor involved a heavier pressure vessel
capable of operating at 300 psi, and with a core twice the volume of
BORAX-I, delivered about 6 Mw. BORAX-II operated at various
pressures up to 300 psi, while BORAX-III operated only at 300 psi.

This reactor was operated only a short time in the fall of 1954 and
early in 1955 because early in 1955 it was decided to install a turbine
generator to provide a complete power system, rather than just the reactor
alone. A new core was also installed, capable of producing approximately
15 Mw of heat, together with necessary control equipment for continuous
operation. This, then, became BORAX-III. Steam generated by the
reactor was either vented to the atmosphere or delivered to a 3500-kw
turbine generator.

Before this change was made, however, a number of runs were made
on BORAX-II. These runs have been analyzed in detail by A. Ulrich.®
In this work, ten BORAX-II power excursions were analyzed using
oscillograph records. Starting with reactor power and surface tempera-
ture of a representative central fuel plate, and in some cases water
channel pressure, all as a function of time, the excess reactivities and
heat fluxes were calculated as a function of time. Table 3-3 lists the
power runs analyzed.

The heat flux into the water from the surface of a centrally located fuel
plate was calculated by an energy balance method by subtracting the
power absorbed in the plate from the power produced in the plate to give
the power absorbed in the water.
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TaBLE 3-3
Power RuNs ANALYZED*
diti Run Reactor
Water conditions number P,, psig T, °F period, sec

Atmospheric subcooled 6 0 79 0.072
7 0 80 0.043

7 0 80 0.033

Atmospheric saturated 2 0 203 0.189
3 0 202 0 097

1 0 201 0.066

3 0 196 0 033

300 psig saturated 3 300 417 0 360
4 300 417 0 081

6 300 420 0 030

* In this tabulation P; is the initial gage pressure in the reactor before the excur-
sion, T'; is the initial temperature of the entire reactor before the excursion, and
the reactor period is for the excursion before shutdown process starts.

In Fig. 3-28 there is reproduced the Heiland oscillograph trace of a
typical power excursion, Run No. 7. The appropriate traces are labeled.
The quantities of major interest are shown in Fig. 3-29 for the same run.
The power fuel plate, surface temperature rise and heat flux into the
water, all for a location near the center of the core, are plotted against
time. Also included is a plot of k., against time. In the figure there
may be seen the rapid rise in heat flux from the surface of the fuel plate
associated with boiling. It is seen that there is a lag in the decrease of
ke as a result of steam formation; this constitutes the major delay of
the system and is due to the inertia of the water.

As shown in Table 3-2, the core in BORAX-II experiments had several
concentrations of uranium in the fuel plates. The lowest concentration
provided 93.4 g of U235 per subassembly; the highest, 157.3 g per sub-
assembly. The spacing of the plates in the subassemblies was the same
in the two cores but because of the difference in the number of fuel plates,
the ratio of the volume of metal to the volume of water in the two cores
was different, 0.49 for BORAX-II and 0.36 for BORAX-III. The power
density ratio (item 14 in Table 3-4, p. 90) for BORAX-III was consider-
ably higher, 13 kw/liter per % k, than for BORAX-II, for which the cor-
responding figure was 8.6 kw/liter per % k.
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BORAX-III fuel elements. The fuel elements were constructed of
aluminum. These could be fabricated rapidly and cheaply, and reproc-
essed, since tests had indicated that aluminum can have an adequately
long life for reactor use at temperatures well over 200 C. For this reactor
an operating pressure of 300 psi was chosen, leading to a fuel element
surface temperature of 215 C. While experience at higher pressures was
necessary, this pressure was chosen as a compromise to permit fairly
rapid and inexpensive construction. The uranium used was enriched
U235 to about 90 per cent and was incorporated in plates to provide the
heating surface.

Figure 3-30 gives the dimensions of the plates and indicates the manner
in which 24 of them arc assembled into a box-type fuel element sub-
assembly. Each plate consists of a core of aluminum-uranium alloy
jacketed on two sides with aluminum. Because the formation of steam
in the channels exerts considerable force on the plates, the unsupported
span of the plate must be made fairly short. A cooling channel is 0.264
in. thick, 1.27 in. wide, and 26.8 in. long. In order to fit into the core
support structure, the subassembly shown is fitted with a bottom exten-
sion and a top section as illustrated. By changing the length of the top
extension, the heated length of plate can be changed without affecting
the clamping arrangement of the core structure. Also, it provides above
the heat fuel plates a tube which, in operation, is filled with a mixture
of steam and water and, therefore, tends to increase the circulation rate
of the core. Several concentrations of uranium in the fuel plates are
available. The lowest concentration provides 137 g of U235 per sub-
assembly, the highest, 233 g of U235 per assembly.
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The heavily loaded fuel elements are used to adjust the void coefficient
of the reactor. Placing the heavily loaded elements at the periphery of
the reactor increases the leakage and, therefore, can increase the negative
void coefficient.

Reactor core assembly. Since this is a test facility, it was necessary
to make arrangements to permit complete change of not only the fuel
elements, but of the whole reactor core assembly, including the control
rods. The reactor vessel is a stainless steel tank, 15 ft 1114 in. high and
52%% in. internal diameter, constructed of stainless steel plate, 34 in. thick,
conforming to the code for unfired pressure vessels. The core assembly
is carried on a framework which is supported in the reactor vessel from
a fixture which is bolted to the reactor vessel at the top, just below the
flat lid closure. This construction permits removing the whole core
assembly even after the reactor has been operated and core materials
have been activated. Figure 3-31 is an illustration of the arrangement
of the core assembly in the reactor vessel. Figure 3-32 is a cross section
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Fic. 3-31. Core assembly in reactor vessel.
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Fis. 3-32. Cross section through reactor core.

through the core, giving the dimensions of the four blade-type control
rods and the central cross control rod. Cadmium, boron, and hafnium
are the absorbing materials in the control rods.

The control rod drives are situated above the dense conerete shield
plug which is rolled over the top of the reactor. In order to change fuel
in the reactor, it is necessary to disconnect the control rod drive rods, roll
back the shicld plug and remove the lid of the reactor vessel. To make
this possible, the reactor vessel and the pit in which it stands are flooded
with water. The insulation on the outside of the reactor vessel is of a
type which does not deteriorate due to immersion in water.

Figure 3-33 is a schematic diagram of a single control rod drive. These
drives are so arranged that a control rod at any time can become a rapidly
operating shutdown rod. A control rod which is driven by a shaft sealed
through the wall of a pressure vessel, such as this, has two severe diffi-
culties. First, the internal pressure acts to lift the control rod out of
the core, and, secondly, the friction of the packing gland opposes any
motion of the rod. In the present design, the lifting force due to the
steam pressure in the reactor vessel is balanced out with a steam cylinder
and piston in which the drive rod terminates. Steam for the balancing
cylinder is supplied from the reactor vessel.

A large force for moving the control rod is supplied by a pneumatic
piston which exerts a force of 800 pounds to drive the rod. This is much
larger than any friction force in the packing gland. When the rod is
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(3) compressed air, (4) balaneing eylinder, (5) traveling nut, (6) pneumatic
cylinder and piston, (7) shield plug, (8) packing gland, and (9) control rod.

in use as a regulating rod, the pneumatic eylinder holds a stop on the
drive shaft in contact with a large nut which straddles two lead screws,
which are driven in synchronism. Driving the nut up or down imparts
the same motion to the control rod. Rapid insertion of the control rod
is achieved when the air pressure is switehed to the side of the pneumatic
cylinder which drives the rod down.

Plant layout. Figure 3-34 is a flow diagram for the whole plant. Three
principal circuits are indicated.

The power circuit consists of a feedwater pump which can pump into
the reactor either condensate returned from the condenser or freshly de-
ionized water from the makeup system. The feedwater is discharged
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into the annular downcomer of the reactor. This helps to cool the down-
comer water and promotes the natural circulation in the reactor vessel.
A large volume in the upper part of the reactor vessel contains only steam.
This large volume promotes the separation of steam and water and acts
as a cushion, preventing rapid pressure changes. Steam from the reactor
vessel is carried by a 6-in. line either to the turbine or to a vent to the
atmosphere. Valves suitable for these operations are shown. The con-
densate from the condenser is pumped to the feedwater supply tank.

The second circuit consists of a pump and electrical heaters. This
permits pressurizing the reactor vessel without operation of the reactor.
It is useful for testing for leaks and also is used to raise the temperature
so that the reactor will not have to be run with the control rods inserted
most of their length. ‘

The third circuit is the cleanup circuit and consists of filters and ion
exchange columns. In operation these will become quite radioactive;
consequently they are installed in the fuel element storage canal so that
the water of the canal will provide the necessary shielding.

Instrumentation. Since this facility is also used for transient testing
of reactor cores, the control room is situated some distance from the
reactor itself. All indication of operating conditions, therefore, must be
made by electrical means. The level of the water in the reactor, which
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normally is about 4 ft above the active core, is closely controlled. Instru-
ments for recording the level of the water are installed in a standpipe
exterior to the reactor vessel and in the shielded pit which contains the
pumps and other auxiliary equipment. Level control is by means of a
float-type level controller installed at the operating level. A television
camera is arranged so that by means of it the level in a sight glass can
be read directly. The television camera also can be used to read directly
a Bourdon-type pressure gauge which measures the steam pressure in
the reactor vessel. In the control room the rate of flow of feedwater
as well as the steam flow is recorded.

Ionization chambers recording neutron flux are installed in tubes which
extend close to the core, but outside the reactor vessel. Gamma-ray
intensity at the top of the reactor vessel is recorded. The neutron
intensity is measured by three types of instruments differing in their
time constants. For normal operation, an amplifier recorder system
having a response time of 0.05 sec is used. In order to observe transient
effects, a Brush amplifier recorder with a time constant of 0.002 sec, or
a Heiland galvanometer-oscillograph with a time constant of 0.0004 sec,
is used for neutron intensity.

Steady-state operation. It has been possible to operate the reactor
under conditions which are stable for all pressures from atmospheric to
300 psi. A necessary requirement for reasonably smooth operation is that
the amount of reactivity corresponding to the steam void not be excessive.
In all operations, however, the power level is subject to rapid variations.
These clearly are connected with the turbulence created by the formation
of steam. The degree of roughness of the power-time curve is directly
related to the excess reactivity which has been subtracted by the forma-
tion of the steam voids and replaced by withdrawal of the control rods.

A series of experiments was performed to determine the relationship
between the excess reactivity in voids and the power density, and this
has been done for a number of pressures. It was observed that for any
given pressure the degree of roughness of the power varies with the excess
reactivity in steam voids. If the excess reactivity is raised to too high
a figure, oscillations in the power become apparent, and further increases
in excess reactivity in steam may bring small excursions in the reactor
power.

Figure 3-35 shows curves of power density versus excess reactivity in
steam for three BORAX reactors (I, II, and III). The core for Reactor
III is that illustrated in Fig. 3-32. The core for BORAX-II, although it
used the same vessel, was considerably smaller than that for BORAX-III
and had a higher (negative) steam coefficient of reactivity. Conse-
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Fic. 3-35. Effect of reactivity on power density in three BORAX reactors.

quently, a given reactivity in Reactor III corresponds to a higher steam
content per unit volume than the same reactivity in Reactor II, and the
power density of Reactor III is correspondingly higher.

Figures 3-36(a) and 3-36(b) are reproductions of sections of the power
traces of Reactors II and III, as obtained by a neutron-sensitive ion
chamber and fast recorder. Both reactors were operating at 300 psig and
at roughly the same power density, about 22 kw/liter.

The curve for Reactor II in Fig. 3-35 includes points at several operat-
ing pressures. There is no great variation with pressure in the power
density attainment from a given addition of reactivity, at least in the
pressure range investigated. This insensitivity to pressure is qualitatively
consistent with the results of laboratory boiling experiments.® Although
the energy content per unit volume of the steam increases almost linearly
with pressure, the velocity of slip of the steam past the water in the fuel
element decreases with pressure. The steadiness of operation of the
reactor increases markedly with pressure, however, and it is therefore
feasible to operate the reactor with more reactivity in steam voids and
consequently at higher power at high pressure. In Fig. 3-35, the highest
plotted points for the 75 psi and the 150 psi conditions represent approxi-
mately the upper limits of satisfactory operation at these pressures. At
200, 250, and 300 psi, however, the maximum reactivity added was
limited by the available amount in the reactor; at these higher pressures
the curve could have been extended to somewhat higher power density if
additional reactivity had been available. Table 3—4 summarizes the
results of power density studies which have been obtained for three
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reactor cores which differed in size, plate spacing, and the U235 loading
of the plates. (Note: This table also includes data on BORAX-IV
covered later in this chapter.)

Item 1 in the table shows that the second reactor had the plate spacing
increased by 83 per cent with respect to Reactor I. From item 4, it is
seen that this increased the ratio of water to metal in the core by the
factor 1.26. The effective neutron lifetime is not changed much, as is
indicated in item 5.

As in all water reactors, the temperature coefficient is sizable and repre-
sents a troublesome problem for control. In item 9, the over-all reactivity
loss observed in heating from shutdown to near operating temperature
is given. It should not be assumed that the temperature coefficient of
reactivity is at all constant over this range of temperature.

In item 10, the calculated void coefficients for the reactors are given.
A certain fractional void (less than 10%) was assumed. The correspond-
ing reactivity change then was computed and recorded.
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In item 14, the power density for per cent reactivity subtracted by the
voids is given. This quantity is measured by the total power of the
operating reactor and by the amount of reactivity added by the cali-
brated control rods. It would be of great interest to be able to measure
directly the actual steam void in the operating reactor.

Laboratory experiments have been done in which the fractional void
in a heated pressurized channel has been measured as a function of
operating power. The void fraction was measured by the attenuation
of y rays passing through the channel. It can be said that the quantity
[power density/%kese (void)] in the reactor is not in disagreement with
the above experiments and the calculated void coefficients.

The void coefficient of reactivity apparently is the principal factor
affecting the performance of the several reactor cores so far studied.
Obviously from the point of view of obtaining the maximum power
density the smallest void coefficient is wanted; considerations of the
degree of inherent self-limitation for power excursions will play a large
part in the choice of void coefficient for any practical power reactor.

It is interesting to note the power level at which a typical fuel element
operates. The power density of 22 kw/liter, which resulted in the power
traces of Figs. 3-36(a) and 3-36(b), may be taken as representative.
The active section of the fuel element of BORAX-III has a volume of
6.26 liters, and therefore the average fuel element delivers 138 kw. Fully
loaded, the reactor contains 87 fuel elements (one fuel element position
is reserved for the installation of a start-up source) and hence, at this
power density, the total power is 12,000 kw. The surface area of heated
fuel plate in an element is 12,000 cm2. The average heat flux is there-
fore 3 cal/cm? sec, and the maximum about 7 cal/cm? sec. It is clear
that in these boiling reactors, which employ only natural circulation of
the water, the heat rates attained were not high; the limiting factor on
power output was the rate of flow of steam out of the reactor core rather
than the heat flux from the fuel plates. This characteristic is, of course,
favorable from the standpoint of reactor safety; at the same time power
densities in the range 20 to 30 kw/liter of core (or 30 to 40 kw/liter of
water in the core—see Table 3—4), which have been experimentally
attained, are sufficiently large for many power reactor applications.

The actual loading of the reactor is complicated by the fact that, for
the experimental program on attainable power densities, core sizes less
than the maximum must be used because the extra fuel allowance re-
quired for burnup in continuous operation is not wanted. It also is
complicated by the fact that the experiments must be performed either
without appreciable xenon poison or with saturated xenon poison. Great
care in loading has been used to avoid arriving at erroneous conclusions,
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because in one experiment the full height of the reactor was used whereas
in another the effective height was reduced by operating with the control
rods partially inserted.

For continuous operation, where burnup will steadily reduce the avail-
able excess reactivity, burnup plates which incorporate a certain amount
of boron are affixed to the subassembly of Fig. 3-30. The time interval
between successive additions of fuel can be substantially increased by
the use of such burnable poison plates.

Stability under various operating conditions. As indicated earlier,
reactivity can be added safely to this reactor in amounts which are
dependent upon the pressure of operation. Experiments with BORAX-II
indicated that at 300 psi with a water channel width of 0.324 in., steady
power operation is obtained even with 3.2 per cent reactivity subtracted
by the steam voids. Experiments at lower pressures clearly indicate
that there is an amount of excess reactivity above which instability sets
in. This is not a matter of great concern because, as more and more
reactivity is added, the instability manifests itself by oscillations in the
power level. The oscillations have a period of about 0.4 sec and as
successive amounts of reactivity are taken up by the steam voids, the
amplitude grows.

Experiments have been performed in which reactivity has been added
at a fixed rate by withdrawal of the control rods. In this case, at the
start of the withdrawal of the rods, the power level was 485 kw and the
reactor pressure was 300 psi. In approximately 40 sec, 2.5 per cent excess
reactivity was added. The power level rose with an approximately 6.5
sec period and leveled off at 5400 kw without any indication of unstable
operation. In a second case, an excess reactivity of 2.6 per cent was
added in a time of 160 sec. In this case the pressure was 300 psi and
the power of the reactor at the beginning of the experiment was only
1.2 kw; in other words the amount of void volume due to steam forma-
tion was essentially zero. Reactivity addition was at the rate of 0.016
per cent per second. The reactor power increased with an approximate
period of 3.3 sec and the power leveled off at 4300 kw.

There has been considerable conjecture as to the consequences of a
sudden closure of the steam exit line from a boiling reactor, so an experi-
ment was performed in which the steam delivery line was suddenly closed.
In this case, the reactor was operating at 150 psi and at a power level
of 1400 kw. In these circumstances, 2 per cent reactivity has been sub-
tracted by steam voids. Closing the valve initiated an increase in power
which then leveled off at a little over 3000 kw. As was expected, the
pressure in the reactor vessel rose steadily but no instability was intro-
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duced by the sudden closure of the valve in the steam delivery line. This
experiment was repeated a number of times and it indicated that there is
no particular hazard connected with this circumstance.

Other BORAX-II experiments performed included letting the pressure
in the reactor rise until the safety valves opened and here again, this
caused no difficulty at all. At a predetermined pressure the safety valves
would open, the pressure would fall with a small corresponding fall in
the reactor power, and then, when the relief valve closed, the reactor power
would readjust itself to approximately its initial value.

BORAX-III SpeciAL TEsTs

BORAX water-quality control. The efforts to outline and solve the
problems connected with the reactor water represent one of the major
efforts of the BORAX-III program. Maintaining high quality water of
a proper pH was the first step.®

The circuit used for cleanup takes water from the reactor, cools it to
100 F or lower, filters it through a 10 micron felted cartridge, passes it
through ion exchanger resin columns, filters it again, and then discharges
the water to the feedwater storage tank. Strong anion and strong cation
resins are always used.

Early in the operating stages, the reactor water contained boric acid
for control purposes. When sufficient buildup of fission products and
burnup of U235 had taken place, boric acid was no longer necessary, and
its final removal from solution was made by means of an anion exchange
resin column. The mixed bed resins were used to remove all types of
ionic contaminents.

Strong anion resins are satisfactory for completely removing the boric
acid. However, the operation of anion plus mixed bed resin columns re-
sulted in the pH increasing to 7-8. This pH is in or approaching the range
where the aluminum corrosion rate is intolerable. The water did reach
a reasonable level of purity for the specific resistivity reached 500,000
ohms/cms3.

The second attempt at water quality control was through the use of
separate anion and cation resin columns. The function of the anion
resins was again for the removal of boric acid. The cation column was
used to lower the pH down to a range of 5 to 6, which range is closer to
optimum operating conditions for the lowest possible aluminum corrosion
rate. The reactor water was controlled to a pH level as low as 5.0. At
this pH the water quality had decreased so that the specific resistivity
was 150,000 ohms/cm3. Operations with a higher flow rate through the
anion column resulted in increasing the specific resistivity to 450,000
ohms/cm3 and the pH to a value over 6. A particular effort was made



94 BOILING WATER REACTORS

during this second series of tests to obtain megohm quality water. This
was not reached. The columns did perform satisfactorily to allow the
desired pH control.

The third series of tests involved cation and mixed bed resin columns.
Boric acid was not present in the water during this period. The cation
resin column was operated continuously to hold the water in the desired
slightly acid state. The mixed bed resin columns were operated periodi-
cally to increase the water quality. Attempts to obtain megohm quality
water were closer to success in this series of tests. At one time a specific
resistivity of 900,000 ohms/cm3 was reached at a pH of 6.6. Normally
the reactor water pH was maintained in a range of 5.5 to 6.0, and the
specific resistivity was 400,000 to 500,000 ohms/ecm3.

The water quality control tests on the BORAX-III system represent
a good start at studying and solving the problems. No attempt is made
to draw generalized conclusions, since the work is preliminary and was
in some aspects governed by the presence of the aluminum in the reactor
core. Of the water quality control methods used for BORAX-III, the
mixed bed resin and cation resin combination was best. It is probable
that a continuous small amount of leakage of raw condenser cooling water
into the reactor water system prevented reaching one megohm quality
water. However, failure to reach this goal may have no significance.
The reactor water rarely had a specific resistance of less than 150,000
ohms/cm3 which is still good quality water.

Water—radioactive carryover-entrainment. It was noticed that the
ratio of the reactor water activity to the condensed steam activity (D