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FOREWORD

The customary approach to reactor development assumes that a reactor
is primarily a mechanical engineering device—that the ultimate goal of
economically competitive nuclear power will be achieved by simplifying
the mechanical design and by making the fuel elements more reliable.
The other, basically different, view of reactor technology holds that
reactors are chemical plants—that the methods which have proved so
useful in rationalizing the chemical industry, i.e., the continuous handling
of materials in liquid form, should lead to ultimate economies in reactor
plants. This “chemical” approach to reactors has been pursued vigorously
in the United States for almost a decade; it is summarized in this volume
on fluid fuel reactors.

The basic simplicity of the liquid reactor—the original idea of “a pot,
pump, and pipe”—has hardly persisted throughout the years. Those
who have actually built and operated high-temperature, bigh-powered
liquid reactors have become impressed with their difficulty—the difficulty
primarily of handling vast amounts of radioactivity in labile form. It
seems now that liquid reactor systems, when reduced to practice, are in
many ways more complicated than their solid competitors; at least their
complications (being in the plumbing system) are much more obtrusive
than the complications of a solid fuel reactor, which lie out of sight in the
core.

Yet in spite of their difficulties, the two underlying motivations for
liquid and other fluid systems remain: their fuel cycle is simpler and their
neutron economy is bhetter than for solid-fueled reactors. Thus there
continues to be strong incentive to develop these systems. It is the belief
of fluid fuel enthusiasts that in the very long run the simplification in fuel
cycle and, more important, the better neutron economy made possible
by the use of fluid fuels will outweigh the difficult handling problems and
ultimately weight the balance of reactor development toward these systems.

The present volume contains a summary of the work done in the United
States on fluid fuel reactors. The first part deals with the aqueous homo-
geneous reactor; most of this work has been done at the Oak Ridge Na-
tional Laboratory, with some phases of the work (on slurries) at Westing-
house Atomic Power Division and some work on phosphate solutions at
Los Alamos Scientific Laboratory. The second part deals with the fused
salt system, which has been investigated primarily at the Oak Ridge
Laboratory; the third part deals with the bismuth-uranium system, in-
vestigated at Brookhaven National Laboratory.

v



vi FOREWORD

It is my hope that the results described here will be helpful to all who
are interested in fluid fuel systems, and that, by disseminating this in-
formation, new ideas and new approaches will be generated to help solve
the remaining problems of fluid fuel reactors.

Oak Ridge, Tenn. A. M. Weinberg, Director
June 1958 Oak Ridge National Laboratory
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PREFACE

This compilation of information related to aqueous homogeneous
reactors summarizes the results of more than ten years of research and
development by Oak Ridge National Laboratory and other organizations.
Some 1500 technical man-years of effort have been devoted to this work,
the cost of which totals more than $50 million. A summary of a program
of this magnitude must necessarily be devoted primarily to the main
technical approaches pursued, with less attention to alternate approaches.
For more complete coverage, the reader is directed to the selected bib-
liography at the end of Part I.

Although research in other countries has contributed to the technology
of aqueous homogeneous reactors, this review is limited to work in the
United States. In a few instances, however, data and references pertaining
to work carried on outside the United States are included for continuity.

Responsibility for the preparation of Part I was shared by the members
of the Oak Ridge National Laboratory as given on the preceding page and
at the beginning of each chapter.

Review of the manuscript by others of the Oak Ridge Laboratory staff
and by scientists and engincers of Argonne National Laboratory and
Westinghouse Electric Corporation have improved clarity and accuracy.
Suggestions by R. B. Briggs, director of the Homogeneous Reactor Project
at the Oak Ridge Laboratory, and S. McLain, consultant to the Argonne
Laboratory, were particularly helpful.

Others at Oak Ridge who assisted in the preparation of this part include
W. D. Reel, who checked all chapters for style and consistency, W. C.
Colwell, who was in charge of the execution of the drawings, and H. B.
Whetsel, who prepared the subject index.

Oak Ridge, Tennessee James A. Lane, Editor
June 1958






CHAPTER 1
HOMOGENEOUS REACTORS AND THEIR DEVELOPMENT*

1-1. BACKGROUNDT

1-1.1 Work prior to the Manhattan Project. Nuclear reactors fueled
with a solution or homogeneous mixture of fuel and moderator were among
the first nuclear systems to be investigated experimentally following the
discovery of uranium fission. In fact, it was only slightly more than a
year after this discovery that Halban and Kowarski at the Cavendish
Laboratory in England performed experiments which indicated to them
that a successful self-sustaining chain reaction could be achieved with a
slurry of uranium oxide (U30s) in heavy water.

In these experiments, reported in December 1940 [1], 112 liters of heavy
water mixed with varying amounts of U3Os powder were used inside an
aluminum sphere 60 cm in diameter, which was immersed in about one ton
of heavy mineral oil to serve as a reflector. (Mineral oil was chosen to
avoid contamination of the D20 in case of a leak in the sphere.) By meas-
uring neutron fluxes at varying distances from a neutron source located in
the center of the sphere, Halban and Kowarski calculated a multiplication
factor of 1.18 4- 0.07 for this system when the ratio of deuterium atoms to
uranium atoms was 380 to 1, and 1.09 4 0.03 when the D/U ratio was
160 to 1.

Other experiments conducted at the same time by Halban and Kowar-
ski [1]}, using U3Osg and paraffin wax, indicated that with a heterogeneous
lattice arrangement it would be possible to achieve multiplication factors
as high as 1.37 in a system containing about 100 atoms of deuterium per
atom of uranium.

It is interesting to note that the D20 supply used in the experiments
had been evacuated from France. The D20 originally came from the lab-
oratories of the Norwegian Hydroelectric Company, and with the destruc-
tion of this plant and its D3O stockpile in 1942, this was the sole remaining
supply of purified D20. However, it was not enough to allow a self-
sustaining chain reaction to be established with natural uranium.

*By J. A. Lane, Oak Ridge National Laboratory.

1This section is based on material supplied by W. E. Thompson, Oak Ridge
National Laboratory.

1See the list of references at the end of the chapter.
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2 HOMOGENEOUS REACTORS AND THEIR DEVELOPMENT [cHAP. 1

Even earlier (in 1939) Halban and Kowarski, as well as other experi-
mentalists, had fairly well established that self-sustaining chain reactions
with U303 and ordinary water are not possible [2,3,4]. Homogeneous sys-
tems of uranium with carbon, helium, beryllium, or oxygen were also con-
sidered, and were rejected as not feasible either for nuclear, chemical, or
engineering reasons.

In November 1942, Kowarski, with Fenning and Seligman, reported
more refined experiments which led to the conclusion that neither homo-
gencous nor heterogeneous mixtures of U3Os with ordinary water would
lead to self-sustaining chain reactions, the highest values of the multiplica-
tion factor being 0.79 for the homogeneous system and 0.85 for the hetero-
geneous system.

Because it was clear even by early 1942 that the only feasible homo-
geneous reactor using natural uranium would be one moderated with D20,
and because no D20 was available at that time for use in reactors, interest
in homogeneous reactor systems was purely academic. The atomic energy
program, which was then getting well under way, devoted its attertion to
heterogeneous reactors. By using a heterogeneous lattice arrangement
with a core of uranium metal slugs spaced inside graphite blocks and a
periphery containing U303 slugs (used after the supply of uranium metal
ran out) spaced inside the graphite, the first successful self-sustaining chain
reaction was achieved on December 2, 1942.

1-1.2 Early homogeneous reactor development programs at Columbia
and Chicago universities. Interest in homogeneous reactors lagged until
early in 1943, when it became clear that American and Canadian efforts to
produce large quantities of heavy water would be successful. At that time
the group under H. C. Urey at Columbia University directed its attention
to the development of slurried reactors utilizing uranium oxide and D20.

In March 1943, Urey and Fermi held a conference to review the situa-
tion with respect to homogeneous reactors. They noted the value of 1.18
that Halban and Kowarski had obtained for the multiplication factor in a
U30s-D20 slurry reactor and pointed out that the value calculated from
theory was only 1.02. They realized, however, that neither the theory nor
the experiment was free from serious objections, and that insufficient data
were available to allow a trustworthy conclusion to be reached as to the
feasibility of homogeneous systems.

If the results of Halban and Kowarski were correct, then a homogeneous
system containing a few tons of heavy water would be chain reacting. On
the other hand, if the theoretical estimates were correct, the order of
100 tons of D20 would be required.

Urey and Fermi recommended [5] that the earlier U30s-D20 experi-
ments be repeated with the improved techniques then known, and that
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consideration be given to incorporating a mixture of uranium and heavy
water into the pile at Chicago to determine its effect on the pile reactivity.

From the theoretical considerations of E. P. Wigner and others, it ap-
peared that the most favorable arrangement for a U30s~-D20 reactor
would be one in which the slurry was pumped through a lattice of tubes
immersed in D20 moderator. This was especially true because the neutron
absorption cross section assigned to heavy water at that time made it ap-
pear that more than 200 tons of D20 would be required to reach criticality
in an entirely homogeneous system in which the U3Og and moderator were
mixed. With a heterogeneous system it seemed likely that a much smaller
quantity of D20 would suffice and every effort was directed toward pre-
paring a design that would require about 50 tons of D20 [6].

It was estimated by E. P. Wigner that the uranium concentration in the
slurry would have to be 2.5 to 3 grams per cubic centimeter of slurry. It
became apparent immediately that no agueous solution of a uranium com-
pound could be made with such a density. With pure UFg, 2.48 grams of
uranium per cubic centimeter could be obtained, and piles utilizing this
compound were considered. However, the corrosion problems in such a
system were believed to be so severe that the development of a reactor to
operate at a high power level would be extremely difficult, if not impossible.

Other compounds, such as uranyl nitrate dissolved in D20, were ex-
cluded because in the case of nitrate the neutron absorption of nitrogen
was too high and in other cases sufficient densities could not be obtained.
Thus the initial phase of the research at Columbia was directed toward the
development of high-density slurries [6].

The reactor visualized by the Columbia group was one in which an ex-
tremely dense suspension of uranium in D20 would be pumped through a
large number of pipes arranged inside a heavy-water moderator. It was
planned that both the slurry and the moderator would be circulated
through heat exchangers for cooling [6].

Then, in July of 1943, the experiments of Langsdorf [7] were completed,
giving a much lower cross section for deuterium than was known earlier.
As a result, the homogeneous reactor became much more attractive, since
the critical size (neglecting external holdup) could then be reduced to about
30 tons of D20 with about 6 tons of uranium as oxide in an unreflected
sphere [8]. This favorable development allowed emphasis to be shifted to
less dense slurries, greatly simplifying the problems of maintaining a sus-
pension of dense slurry, pumping it, and protecting against erosion. Ex-
periments were directed toward developing a reactor design which would
permit operation without continuous processing of the slurry to maintain
its density [6].

By the end of 1943 preliminary designs had been developed at the
University of Chicago Metallurgical Laboratory for several types of heavy-
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water reactors, all using slurry fuel but differing in that one was com-
pletely homogeneous [9], one was a light-water-cooled heterogeneous ar-
rangement [10], and another was a D20-cooled heterogeneous reactor [11].
These reactors were proposed for operation at power levels of 500 Mw or
more (depending on external power-removal systems) and were intended
as alternates to the Hanford piles for plutonium production in case satis-
factory operation of the graphite-natural uranium, water-cooled piles
could not be achieved.

At this point one might ask why it was that homogeneous solution
reactors were not given more serious consideration, especially in view of
the newly discovered cross section for deuterium, which permitted con-
siderably lower concentrations of uranium. The answer is that the only
known soluble salts of uranium which had a sufficiently low cross section to
enable the design of a reactor of feasible size and D20 requirement were
uranyl fluoride and uranium hexafluoride. (Enriched uranium was not
then available.) These were considered, but rejected principally because
of corrosion and instability under radiation. A second factor was the evi-
dence that D2O decomposition would be more severe in a solution reactor
where fission fragments would be formed in intimate contact with the
D50 rather than inside a solid particle as in the case of a slurry.

Research on homogeneous reactors was undertaken at Columbia Uni-
versity in May 1943, and continued with diminishing emphasis until the
end of 1943, at which time most of the members of the homogeneous re-
actor group were transferred to Chicago, where they continued their work
under the Metallurgical Laboratory.

At the Metallurgical Laboratory, the principal motivation of interest in
homogeneous reactors was to develop alternate plutonium production
facilities to be used in the event that the Hanford reactors did not operate
successfully on a suitable large scale, and studies were continued through
1944. With the successful operation of the Hanford reactors, however,
interest in homogeneous plutonium producers diminished, and by the end
of 1944 very nearly all developmental research had been discontinued. The
results of this work are summarized in a book by Kirschenbaum [12].

1-1.3 The first homogeneous reactors and the Los Alamos program.
During the summer of 1943 a group at Los Alamos, under the leadership
of D. W. Kerst, designed a “power-boiler” homogencous reactor, having
as its fuel a uranyl sulfate-water solution utilizing the enriched uranium
which was expected to become available from the electromagnetic process.
However, this design was put aside in favor of a low-power homogeneous
reactor designed by R. F. Christy. The low-power homogeneous reactor
was built and used during the spring and summer of 1944 for the first of a
series of integral experiments with enriched material (see Chapter 7).
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There were two reasons for choosing UO2S04 instead of uranyl nitrate
as the fuel: there is less neutron absorption in the sulfate than in the ni-
trate, and the sulfate was thought to be more soluble. The latter reason
was considered important because it was feared that with the maximum-
enrichment material from the electromagnetic process, it might be difficult
to dissolve the critical mass in the desired volume [13]. These objections
to the use of uranyl nitrate, however, were subsequently found to be
invalid.

After gaining experience in operating the low-power reactor, “LOPO,”
the Los Alamos group revised its plans for the higher power homoge-
neous reactor, known as the “HYPO,” and after extensive modification
of the design, the reactor was built and put into operation in December 1944
with uranyl nitrate as the fuel.

In April 1949, rather extensive alterations to the HYPO were begun in
order to make the reactor a more useful and safer experimental tool. The’
modified reactor, known as “SUPO,” is still in operation. The present
SUPO model reached local boiling during initial tests, due to the high
power density. A slight increase in power density above the design level
produces local boiling between cooling coils, even though the average so-
lution temperature does not exceed 85°C.

Interest in solution reactors continued at Los Alamos, and improved
designs of the Water Boiler (SUPO Model II) were proposed [14]. These,
however, have not yet been constructed at Los Alamos, although similar
designs have been built for various universities [15].

The work on water boilers at Los Alamos led to the design of power
reactor versions as possible package power reactors for remote locations.
Construction of these reactors, known as Los Alamos Power Reactor Ex-
periments No. 1 and No. 2 (LAPRE-1 and LAPRE-2), started in early
1955. To achicve high-temperature operation at relatively low pressures,
LAPRE-1 and —2 were fueled with solutions of enriched uranium oxide in
concentrated phosphoric acid. The first experiment reached criticality in
March 1956 and was operated at 20 kw for about 5 hr. At that time
radioactivity was noted in the steam system, and the reactor was shut
down and dismantled. It was discovered that the gold plating on the
stainless steel cooling coils had been damaged during assembly and the
phosphoric acid fuel solution had corroded through the stainless steel.
The cooling coils were replaced and operations were resumed in October
1956. However, similar corrosion difficulties were encountered, and it was
decided to discontinue operations. In the meantime, work on LAPRE-2
continued, and construction of the reactor and its facilities was completed
during the early part of 1958. The details of these reactors are given in
Chapter 7.
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1-1.4 Early homogeneous reactor development at Clinton Laboratories
(now Oak Ridge National Laboratory). With the availability of enriched
uranium in 1944, the possibility of constructing a homogeneous reactor
became more attractive because, by using enriched uranium, the D20
requirement could be greatly reduced, or even ordinary water could be
used. The chemists at Clinton Laboratories (now ORNL), notably C. D.
Coryell, A. Turkevich, S. G. English, and H. S. Brown, became interested
in enrichéd-uranium homogeneous reactors primarily as a facility for pro-
ducing other radioisotopes in larger amounts, and a number of reports on
the subject were issued by various members of the Chemistry Division
(D. E. Koshland, Jr., W. J. Knox, and L. B. Werner).

In August 1944 Coryell and Turkevich prepared a memorandum [16]
recommending the construction of a 50-kw homogeneous reactor containing
5 kg of uranium enriched to 1239, U235 or about 500 g of plutonium. The
fuel proposed was to be in the form of salt solution in ordinary water. The
following valuable uses of such a reactor were listed in this memorandum
and enlarged upon in a later memorandum by Coryell and Brown [17]:

(1) The preparation of large quantities of radioactive tracers.

(2) The preparation of intense radioactive sources.

(3) Studies in the preparation and extraction of U233,

(4) The preparation of active material for Hanford process research.

(5) Study of chemical radiation effects at high power levels.

(6) Accumulation of data on the operating characteristics, chemical
stability, and general feasibility of homogeneous reactors.

The physicists were also interested in the homogeneous reactor, partic-
ularly as a research facility which would provide a high neutron flux for
various experimental uses. The desirability of studying, or demonstrating,
if possible, the process of breeding had been made especially attractive
by the recent data indicating that U233 emitted more neutrons for each
one absorbed than either U235 or Pu?39, and the physicists were quick to
point out the possibility of establishing a U233-thorium breeding cycle
which would create more U233 fro:a the thorium than was consumed in the
reactor. These potentialities were very convincingly presented in No-
vember 1944 by L. W. Nordheim in a report entitled ‘“The Case for an
Enriched Pile’”” (ORNL-CF—44-11-236).

The power output of such a breeder with a three-year doubling time is
about 10,000 kw, and this was established as a new goal for the homoge-
neous reactor. The reactor, then, was conceived to be a prototype homo-
geneous reactor and thermal breeder; in addition, it was conceived as an
all-purpose experimental tool with a neutron flux higher than any other
reactor.

Work on the 10,000-kw homogeneous reactor was pursued vigorously
through 1945; however, at the end of that year there were still several
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basic problems which had not been solved. Perhaps the most serious of
these was the formation of bubbles in the homogeneous solution. These
bubbles appear as a result of the decomposition of water into hydrogen and
oxygen by fission fragments and other energetic particles. Because the
bubbles cause fluctuations in the density of the fuel solution, they make it
difficult to control the operating level of the reactor. Nuclear physics
calculations made at the time indicated that under certain conditions it
might be possible to set up a power oscillation which, instead of bheing
damped, would get larger with each cycle until the reactor went completely
out of control. Minimizing the bubble problem by operating at elevated
temperature and pressure was not considered seriously for two reasons:
first, beryllium, aluminum, and lead were the only possible tank materials
then known to have sufficiently low neutron-absorption characteristics to
be useful in a breeder reactor. Of these metals, only lead was acceptable
because of corrosion, and lead is not strong enough to sustain elevated
temperatures and high pressures. Second, there had been essentially no
previous experience in handling highly radioactive materials under pres-
sure, and consequently the idea of constructing a completely new type of
reactor to operate under high pressure was not considered attractive.

Other major unsolved problems at the end of 1945 were those of corro-
sion, solution stability, and large external holdup of fissionable material.
Because it appeared that the solution of these problems would require
extensive research and development at higher neutron fluxes than were
then available, it was decided to return to the earlier idea of a hetero-
geneous reactor proposed by E. P. Wigner and his associates at the Metal-
lurgical Laboratory. Ixperimental investigations in this reactor, it was
hoped, would yield data which would enable the homogeneous reactor
problems to be solved. The extensive effort on this latter reactor (later
built as the Materials Testing Reactor in Idaho) forced a temporary
cessation of design and development activities related to homogeneous
breeder reactors, although basic research on aqueous uranium systems
continued.

1-1.5 The homogeneous reactor program at the Oak Ridge National
Laboratory. Early in 1949, A. M. Weinberg, Research Director of Oak
Ridge National Laboratory, proposed that the over-all situation with
respect to homogeneous reactors be reviewed and their feasibility be
re-evaluated in the light of knowledge and experience gained since the
end of 1945. Dr. Weinberg informally suggested to a few chemists, physi-
cists, and engineers that they reconsider the prospects for homogeneous
reactors and hold a series of meetings to discuss their findings.

At the meeting held by this group during the month of March 1949, it
was agreed that the outicok for homogeneous reactors was considerably
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brighter than in 1945 and that effort directed toward the design of a small
experimental reactor should be resumed. By July 1949, interest in homo-
geneous reactors had increased further as a result of the preliminary studies
which had been started, and it was decided to establish a small develop-
ment effort on homogeneous reactors. A Homogeneous Reactor Com-
mittee, under the direction of C. E. Winters, was formed and reactor
physics and design studies were undertaken on a somewhat expanded
scale. By the latter part of August 1949, a preliminary design of the major
components had been developed.

Construction of the reactor (Homogeneous Reactor Experiment No. 1)
was started in September 1950, and completed in January 1952. After a
period of nonnuclear testing with a natural-uranium fuel solution, HRE-1
reached criticality on April 15, 1952. Early in 1954 it was dismantled
after successfully demonstrating the nuclear and chemical stability of a
moderately high-power-density circulating-fuel reactor, fueled with a
solution of enriched uranyl sulfate.

During the period of construction and operation of HRIE-1, conceptual
design studies were completed for a boiling reactor experiment (BRE)
operating at 150 kw of heat and a 58-Mw (heat) intermediate-scale homo-
geneous reactor (ISHR). Further work on these reactors was deferred
late in 1953, however, when it became evident from IIRE~1 and the asso-
ciated development program that construction of a second homogeneous
reactor experiment would be a more suitable course of action.

The main reason for this decision was that HRIE-1 did not demonstrate
all the engineering features of a homogeneous reactor required for con-
tinuous operation of a nuclear power plant. Thus a second experimental
reactor (Homogencous Reactor Test, HRE-2), also fueled with uranyl
sulfate, was constructed on the HRE-1 site to test the reliability of ma-
terials and equipment for long-term continuous operation of a homo-
geneous reactor, remote-maintenance procedures, and methods for the
continuous removal of fission products and insoluble corrosion products.
Construction of the reactor was completed late in 1956 and was followed
by a period of nonnuclear operation to determine the engineering charac-
teristics of the reactor. This testing program was interrupted for six to
nine months by the need for replacing flanges and leak-detection tubing
in which small cracks had developed, owing to stress corrosion induced
by chloride contamination of the tubing. The reactor was brought to
criticality on December 27, 1957, and reached full-power operation at
5 Mw on April 4, 1958. Shortly thereafter, a crack in the core tank de-
veloped which permitted fuel solution to leak into the D20 blanket.
After consideration of the nuclear behavior of the reactor with fuel in both
the core and blanket, operation was resumed under these conditions in
May 1958.
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TasBLE 1-1

LeveLs or ErrorT oN HoMOGENEOUS
REeacror DevELoPMENT AT ORNL

. Millions Man-years

Fiscal year of dollars (technical)
1949 0.15 5
1950 0.54 15
1951 2.2 75
1952 4.1 127
1953 3.4 119
1954 3.9 133
1955 7.7 219
1956 9.1 238
1957 10.0 316
1958 11.5 333

The ten-year growth of the ORNL effort on homogeneous reactors is
indicated by Table 1-1, which summarizes the costs and man-years de-
voted to the program through fiscal year 1958.

Following the completion of construction and beginning of operation of
HRE-2, the ORNL Homogeneous Reactor Project directed its attention
to the design of a 60-Mw (heat) experimental aqueous thorium breeder
reactor, designated as HRE-3, with the objective of completing the con-
ceptual design during the summer of 1958. Work on slurry development
and component development was accelerated to provide the information
necessary for the start of construction of HRE-3 at the earliest possible
date.

1-1.6 Industrial participation in homogeneous reactor development. In-
dustrial participation in the homogeneous reactor program started with a
number of studies to evaluate the economic potential of such reactors for
large-scale power production [18-22]. The opinion of some who compared
homogeneous breeder reactors with solid-fuel converters is reflected in the
following excerpts from Ref. 19: “The two reactor types that offer the
greatest possibilities for economic production of central station power are
the thermal U233 breeders of the circulating fuel type and fast plutonium
breeders containing fuel easily adaptable to a simple processing system . . .
The self-regulating features of fluid-fuel reactors and low fission-product
inventory due to continuous chemical processing give these reactors the
greatest possibility of safe and reliable operation . . . Both the pressurized
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water and sodium-graphite systems suffer from the inability to consume
(in a single cycle) a large fraction of the uranium necessary to result in
low fuel costs that are attainable with breeder systems.”

During late 1954 and early 1955, Westinghouse and Pennsylvania
Power and Light Company, operating under Study Agreements with the
Atomic Energy Commission, made a joint study [21] aimed at determining
the economic feasibility of aqueous homogeneous-type reactor plants. The
study indicated that a two-region solution-slurry plant and a single-region
slurry plant appeared to have excellent long-range possibilities for pro-
ducing competitive electric power. The study also indicated, however,
that considerable development work would be required before the tech-
nical feasibility of either type of plant could be determined with any
degree of certainty. The results of this and other continuing studies led
the two companies to set up the Pennsylvania Advanced Reactor Project
in August 1955. An initial proposal to build a 150-Mw (electric) power
station financed with private funds was made to the A.E.C. by the Pennsyl-
vania Advanced Reactor group at that time. This proposal was later modi-
fied and resubmitted as part of the power demonstration reactor program.

In spite of the formidable development program which appeared to be
associated with the construction of a full-scale homogeneous reactor
power plant, a second industrial group proposed building a homogeneous
reactor as part of the power demonstration program in cooperation with
the government. This proposal (made in response to a request by the
Atomic Energy Commission for small-scale reactors) by the Foster Wheeler
and Worthington Corporations in January 1956, considered construction
of an aqueous homogeneous burner reactor. Plans were for a reactor and
associated oil-fired superheater with a net electrical capacity of 10,000 kw
for the Wolverine Electric Cooperative, Hersey, Michigan. Although this
proposal was accepted in principle by the Atomic Energy Commission in
April 1956, and money was appropriated by Congress for carrying out the
project, in May 1958 the Atomic Energy Commission announced that
plans had been canceled due to increases in the estimated cost of the plant
(from $5.5 million to between $10.7 and $14.4 million).

The second proposal submitted to the Atomic Energy Commission
jointly by the Pennsylvania Power and Light Company and Westinghouse
Electric Corporation was determined by the Commission on February 26,
1958, as acceptable as a basis for negotiation of a contract but was later
recalled, following a review by the Joint Congressional Committee on
Atomic Energy. The proposal called for the construction of a reactor of
the homogeneous type with a net electrical output of 70,000 to 150,000 kw
to be operated on the Pennsylvania Power and Light Company system.
The reactor would use a thorium-uranium fuel as a slurry in heavy water.
Under the proposal, the Atomic Energy Commission would assume the
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cost of research and development planned for 1958 and 1959, at which
time a decision would be made either to begin actual construction of a
plant or terminate the project. The cost of the project, scheduled for com-
pletion by December 1963, was estimated at $108 million. The Westing-
house and Pennsylvania Power and Light Company’s share of the cost
included $5.5 million for research since 1955, $57 million for plant con-
struction, and $16 million for excess operating costs during the first five
years of operation. The Atomic Energy Commission was asked to provide
the additional $29 million, including $7 million for research and develop-
ment in 1958-1959, $18 million for research and development following a
decision to construct the plant, and $4 million for fuel charges during the
first five years of operation.

1-2. GENERAL CHARACTERISTICS OF HOMOGENEOUS REACTORS

1-2.1 Types of systems and their applications. Because of the large
number of possible combinations of mechanical systems and compounds
of uranium and thorium which may be dissolved or dispersed in H20 or
D20, there exists in principle an entire spectrum of aqueous homogeneous
reactors. These may be classified according to (a) the type of fissionable
material burned and produced (U235 burners, converters, breeders), (b) the
geometry or disposition of the fuel and fertile material (one-region, two-
region), or (c) the method of heat removal (boiling, circulating fuel, and
fluidized suspension reactors). The possible materials which can be used
in these various reactor types are given in Table 1-2; all combinations are
not compatible.

TaABLE 1-2

HoMoGENEOUS REACTOR MATERIALS

. Fertile Moderator Corrosion—registant
uel . metals of primary
material coolant .
interest
U02804 + HaSO4 U238 galt, D20 Austenitic stainless
steels
UO.F:+ HF U238 oxide H20 Zircaloy-2
UO2N1503 + HNO3 ThO: Titanium
U02804 + Li2aSO4 Platinum
UO3 + alkali oxide + CO3 Gold
UO3+ H3PO4, UO2+ H3PO,4
U0z + HaCrO4
U0q, UO3, U305
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The terms used in classifying homogeneous reactors may be defined as
follows: Burner reactors are those in which fissionable fuel is consumed
but virtually no new fuel is generated. To this class belong the water
boilers, homogeneous research reactors, U235 burners, and LAPRE-type
reactors. Converter reactors produce a different fissionable fuel than is
destroyed in the fission process, such as in the dual-purpose plutonium
producers or single-region converters, while breeder reactors produce the
same fissionable fuel as that which is consumed. One-region reactors con-
tain a homogeneous mixture of fissionable and fertile materials in a moder-
ator. Generally, these have large reactor diameters, in order to minimize
neutron losses, and contain fuel plus fertile material in concentrations of
100 to 300 g of uranium or thorium per liter of solution or slurry. Two-
region reactors are characterized by a core containing fissionable materials
in the moderator surrounded by a blanket of fertile material in moderator.
These reactors may have comparatively small diameters with dilute core-
fuel concentrations (1 to 5 g of uranium per liter) and a blanket containing
500 to 2000 g of fertile material per liter. Boiling reactors are reactors in
which boiling takes place in the core and/or blanket and heat is removed
by separating the steam from the solution or suspension. Fluidized sus-
penston reactors are those in which solid particles of fuel and fertile ma-
terial are fluidized in the core and/or blanket, but are not circulated
through the cooling system external to the reactor pressure vessel.

A summary of homogeneous reactor types and the primary application
of each is given in Table 1-3.

1-2.2 Advantages and disadvantages of aqueous fuel systems. Aqueous
fuel systems possess certain advantages which make them particularly
attractive for numerous nuclear-reactor applications ranging from small
reactors (for mobile units or package-power plants) to large, high-power
reactors (for large-scale production of plutonium, U233, and/or power).
These advantages stem partly from the fluid nature of the fuel and partly
from the homogeneous mixture of the fuel and moderator; i.e., an aqueous
homogeneous reactor combines the attributes of liquid-fuel heterogeneous
reactors with those of water-moderated heterogeneous reactors. If practical
methods for handling a radioactive aqueous fuel system are developed, the
inherent simplicity of this type of reactor should result in considerable
economic gains in the production of nuclear power and fissionable material.

However, many apparently formidable practical problems are associated
with continued operation and maintenance of systems involving radio-
active fuel solutions. It is believed, therefore, that extensive experience in
a series of small- to large-scale reactor installations will be required to
demonstrate the reliability of aqueous homogeneous reactors; this will
necessitate a long-range development program. In addition, the choice of
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water as the fuel-bearing medium limits both the fuel concentration and
operating temperature to values which may be less than optimum for pro-
duction of power and fissionable material.

The principal advantages of aqueous fuel systems are:

(1) High power density. Because of the homogeneous nature of the
reactor fuel-fluid, virtually no heat-transfer barrier exists between the fuel
and coolant. Thus reactor power densities of 50 to 200 kw/liter may be
possible, being limited by considerations other than heat transfer, such as
radiation-induced corrosion and chemical reactions.

(2) High burnup of fuel. In heterogeneous reactors, burnup is limited
by radiation damage to fuel elements or loss of reactivity. In liquid-fuel
reactors, continual removal of poisons is possible, as well as continual
additions of new fuel, thereby permitting unlimited burnup.

(8) Continuous plutonium recovery. Continuous removal of neptunium
or plutonium is possible in a liquid-fuel reactor. This yields a product with
a low Pu240 content and increases the value of the plutonium [23].

(4) Simple fuel preparation and reprocessing. The use of aqueous fuel
solutions or slurries eliminates the expensive fuel-element fabrication step
and simplifies the reprocessing of depleted fuel.

(5) Continuous addition or removal of fuel. Charging and discharging fuel
can be accomplished without shutting down the reactor and without the
use of solid-fuel charging machines.

(6) High neutron economy. Neutron economy is improved by eliminating
absorption of neutrons by cladding and structural material within the
reactor core. Also, there is the possibility of continuously removing
Xe!35 and other fission-product poisons. In addition, an aqueous fuel
system lends itself readily to a spherical core geometry, which minimizes
neutron leakage.

(7) Simple control system. Density changes in the moderator create a
sensitive, negative temperature coefficient of reactivity which makes this
system self-stabilizing. This eliminates the need for mechanically driven
regulating rods. In addition, shim control can be achieved by changing the
fuel concentration.

(8) Wide range of core sizes. Depending on concentration and enrich-
ment, critical H20 and D20 homogeneous reactors range from 13 ft to as
large as is practicable. Correspondingly, there is a wide range of applica-
tion for these reactor systems.

The principal problems of aqueous fuel systems are:

(1) Corrosion or erosion of equipment. The acidity of fuel solutions and
abrasiveness of slurries at high flow rates creates corrosion and erosion
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problems in the reactor and its associated equipment. Special provisions
must therefore be made for maintaining equipment.

(2) Radiation-induced corrosion. The presence of fission radiation in-
creases the rate of corrosion of exposed metal surfaces. This limits the per-
missible wall power density, which in turn restricts the average power
density within the reactor.

(3) External circulation of fuel solution. Removal of the heat from the
reactor core by circulating fuel solution, rather than coolant only, through
external heat exchangers increases the total amount of fuel in the system
and greatly complicates the problems of containment of radioactivity and
accountability of fissionable material. The release of delayed neutrons in
the fuel solution outside of the reactor core reduces the neutron economy
of the reactor and causes induced radioactivity in the external equipment,
resulting in the need for remote maintenance.

(4) Nuclear safety. The safety of homogeneous reactors is associated
with the negative density coefficient of reactivity in such systems; how-
ever, by virtue of this coefficient, relatively large reactivity additions are
possible through heat-exchanger mishaps and abrupt changes in fuel cir-
culation rate. In boiling reactors changes in the volume of vapor within
the reactor core may lead to excessive reactivity changes.

(5) Limited uranium concentration. In solution reactors, uranium con-
centration is limited by solubility or corrosion effects, and in slurries, by
the effective viscosity and settling characteristics. In H:O-moderated
reactors, in particular, a high uranium or thorium concentration is neces-
sary for a high conversion ratio. Concentrations up to 1000 g/liter, how-
ever, may be considered for solutions and up to 4000 g/liter for fluidized
beds.

(6) Limited operating temperalures. At the present time the operating
temperatures of aqueous solution systems appear limited because of cor-
rosion problems at ~225°C and phase stability problems above 300°C.
Pressures encountered at higher temperatures are also a problem.

(7) Ezxplosive decomposition product. Radiation-induced decomposition
of the moderator can produce an explosive mixture of hydrogen and oxygen
in the reactor system. This hazard means that special precautionary design
measures must be taken. To prevent excessive gas formation and reduce
the requirement for large recombiners, a recombination catalyst such as
cupric ion may be added. Disadvantages associated with this addition are
the neutron poisoning effects and changes in chemical equilibria which
oceur.

A comparison of the advantages and disadvantages of specific homo-
geneous reactors is given in Table 1-4.
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1-3. U235 BurNER REACTORS

1-3.1 Dilute solution systems and their applications. One-region re-
actors fueled with a dilute solution of highly enriched uranium or “‘hurner
reactors” are ideal as a concentrated source of neutrons, since the critical
mass and size of the core of this type of reactor can be very small. Many
low-power research reactors are in operation which use this fuel system,
and very-high-flux research reactors of this type are being considered [24].
The principal advantages of solution reactors for this latter application are
the small amount of U235 required for criticality and the ability to add
fuel continually.

One-region burner reactors are applicable for both small- and large-
scale nuclear power plants. Such plants can operate for very long periods
of time (20 years or more) without necessity for removal of all the fission
praducts. Corrosion product buildup, however, must be limited to prevent
uranium precipitation. The fuel concentration would be dilute, increasing
with time of reactor operation if no fuel processing is carried out. Either
light or heavy water can be used as the moderator-coolant; the fuel con-
centrations would always be higher for the light-water-moderated reactors.
An advantage of these systems is that they utilize fuel in the concentration
range which has been studied most extensively. Experience in circulating
such solutions, however, indicates that careful control of operating condi-
tions and the concentrations of the various fuel constituents, such as
H2S04, CuSOy4, NiSO4, H202, O, ete., is necessary to avoid problems of
two-phase separation, uranium hydrolysis, and oxygen-depletion precipi-
tation of uranium.

For power production, homogeneous burner reactors can be considered
as possible competitors to the highly enriched solid-fuel reactors, such as
the Submarine Thermal Reactor and the Army Package Power Reactor.
By eliminating fuel-element fabrication, fuel costs in homogeneous burners
with either D20 or H20 as the coolant-moderator are in the range of
4 mills/kwh at present Atomic Energy Commission prices for enriched
uranium [25].

Possible fuel systems for the dilute, highly enriched burner-type reactors
are UOzSO4 in HzSO.;, UOQ(NO3)2 in HNO:;, UOze in HF, and UO3-
alkali metal oxide-CO2 in H20. These fuel systems are compared in
Chapter 3.

1-3.2 High-temperature systems. Fuel systems of enriched uranium
dissolved in highly concentrated phosphoric acid have been suggested for
homogeneous power reactors because of the high thermal stability and low
vapor pressure of such systems. This permits operation at higher tempera-
tures than is possible with dilute acids, with accompanying higher thermal
efficiencies. Fuel systems of this type include UO3 in 30 to 60 w/o (weight
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percent) phosphoric acid, UO2 in 90 to 100 w/o phosphoric acid, and UO3
in concentrated chromic acid. The UO3—H3PO4 system, used in the Los
Alamos Power Reactor Experiment No. 1 (LAPRE-1), must be pressur-
ized with oxygen to prevent uranium reduction. Solutions containing
phosphate-to-uranium ratios of 4/1 to 10/1 are stable up to 450°C. How-
ever, the neutron economy is poor and these solutions are corrosive to all
metals except platinum and gold. The UQ3-H3PO4 systems, pressurized
with hydrogen, have somewhat better corrosion characteristics and copper
may be used at least in regions which are kept below 250°C.

1-4. CONVERTER REACTORS

1-4.1 Purpose of converters. In converter reactors, U235 is burned to
produce U233 or Pu23? by absorption of excess neutrons in fertile material.
Thus the purpose of converter reactors is the production of power, fission-
able material, or both. Since homogeneous reactors have to operate at
temperatures above 225°C and pressures above 1000 psi because of prob-
lems of corrosion and gas production, homogeneous converters are thought
of as dual-purpose reactors for the production of power and fissionable
material or power-only reactors. Such reactors are also considered mainly
in connection with the U235-U238-Py239 fuel cycle, whereas the homo-
geneous breeder reactors are associated with the thorium fuel cycle.

1-4.2 One-region converters. One-region converter reactors may be
fueled with a relatively concentrated solution (100 to 300 g/liter D2O) of
slightly enriched uranium for plutonium and power production or with a
suspension of slightly enriched uranium oxide for power production only.*
The principal advantage of the solution-type converter for plutonium pro-
duction is the insolubility of plutonium in the high-temperature uranium
sulfate system (see Chapter 6). This opens the possibility of separating the
plutonium by centrifugation rather than by a solvent extraction or ab-
sorption process. The costs of this method of recovering the plutonium,
which contains only small amounts of Pu?4?, should be considerably less
than is possible with solid-fuel reactors and conventional processing tech-
niques. Indications are, however, that the plutonium formed in the fuel
solution is preferentially adsorbed on hot metal surfaces in contact with
the solution and is difficult to remove (see Chapter 6). Other problems with
the solution-type converter are the highly corrosive nature of concentrated
uranyl sulfate solutions and the lower temperature at which the two
liquid phases separate. An all-titanium high-pressure system may be

*Early work at Columbia and Chicago was aimed at a low-temperature version
of such a reactor for plutonium production only; however, present-day considera-
tions are limited to high-temperature systems.
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necessary to contain these solutions, which will lead to considerably higher
equipment and piping costs. The addition of lithium sulfate to the solution
would reduce corrosion and raise the phase-separation temperature so
that it might be possible to use stainless steel; however, the neutron
economy with normal lithium is poorer and separated Li7 would be costly.

A single-region converter fueled with natural or slightly enriched uranium
oxide as a suspension avoids the problems of plutonium precipitation,
phase separation, and corrosion mentioned above. The advantage of such
a converter reactor for power production is the elimination of radiation
damage and fuel burnup problems encountered with solid-fuel elements;
however, the problem of radiation damage to the reactor pressure vessel
must be considered.

1-4.3 Two-region converters. Two-region homogeneous converters may
also be fueled with either D20 solutions or slurries; in these reactors, how-
ever, the U235 is in the core and the fertile material in the blanket. Con-
verters of this type become breeders if the bred fuel is subsequently burned
in the core and there is a net gain in the production of fuel. A two-region
converter with a dilute enriched-uranium core solution and a concentrated
depleted-uranium blanket solution shows promise of producing more eco-
nomical power and plutonium than the one-region converter reactors
mentioned previously [26] because of the lower inventory charges and
the better neutron economy. Although the power density at the wall of
the titanium-lined pressure vessel is lower in the case of the two-region
machine, which minimizes the possibility of accelerated corrosion rates,
there is some evidence [27] that titanium corrosion will not be severe in
any case. The major materials problem in the dilute-solution core converter
will be that of zirconium corrosion, which may be above 30 mils/year at
power densities necessary for economic production of power and fission-
able material.

Two-region converters fueled with a uranium oxide slurry in the core
may be a possibility as an alternative to the solution-slurry system; how-
ever, not much is known about the corrosion resistance of zirconium in
contact with fissioning uranium oxide or about the engineering behavior
of such a slurry.

1-5. BREEDER REACTORS

1-5.1 The importance of breeding. If present projections [28] for the
growth of the nuclear power industry in the United States are correct, the
installed capacity of nuclear electric plants in 1980 may be as much as
227 million kilowatts and may be increasing by 37 million kilowatts an-
nually. Even assuming optimistic figures for fuel burned in then-existing
plants and fuel plus fertile material for inventories in new plants [29],
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the annual requirement of fissionable material will be approximately
420,000 kg in 1980. This fissionable material will have to come from nat-
ural sources (i.e., uranium mined from the ground) or be produced from
neutrons absorbed in fertile material in a reactor (i.e., breeding or con-
version). Since presently known reserves of high-grade ores of uranium
and thorium in the United States [30] contain 148,000 tons of uranium
and 60,000 tons of thorium, respectively, and these in turn contain only
108 kg of fissionable material, it is obvious that conversion of a significant
fraction of the fertile material contained in the reserves will be necessary.

Although such a conversion will not reduce the inventory requirement
of fuel and fertile material for new plants starting up, this amounts to
only about 259, of the burnup requirement. On this basis, the goal of
nuclear industry should be to develop reactor designs and associated fuel
systems which achieve a consumption of at least 5% to 10% of the total
fertile material, as well as the initial fissionable material. At this point
the annual burnup requirement would become small compared with the
inventory requirement. This corresponds to a total burnup of about
50,000 Mwd/ton. Although such a fuel consumption might be obtained
in high-neutron-economy converter reactors through recycling of the fuel,
it seems likely that even the best such reactor may fall short of this goal
and that both fast and thermal breeders will be needed.

In the long term, therefore, the development of breeding systems is a
must. In the short term, where emphasis is on fuel costs rather than on
neutron economy and fertile-material utilization, converters rather than
breeders may predominate.

1-5.2 One-region thorium breeders. Since U2 does not occur in nature,
homogeneous thorium breeder reactors will probably start out as con-
verters, with U235 as the fuel and thorium as the fertile material. One-
region reactors of this type utilize a suspension of 100 to 300 g per liter of
thorium oxide plus enriched U235 as oxide and D20 as the moderator. In
order to maintain a breeding ratio greater than 1, fuel processing is neces-
sary to remove fission-product poisons. Also, to reduce losses due to neutron
leakage, the diameter of the reactor should be at least 12 ft.

1-5.3 Two-region breeder reactors. Two-region breeder reactors would
have thorium oxide suspensions (500 to 1500 g/liter) in the blanket re-
gion and could have either a highly enriched uranyl sulfate solution
(1 to 10 g/liter) or a thorium oxide-uranium oxide slurry (200 g ThOz/
liter and 10 g UO3/liter) in the core region. Use of a solution-type core
permits the continuous removal of insoluble fission-product poisons by
means of hydroclones, while a slurry-type core leads to higher breeding
ratios. Because of these compensating factors, estimated fuel costs are
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approximately the same in both types of reactors (see Chapter 10). While
the use of a suspension in the core may minimize the problem of radiation-
induced corrosion of the zirconium, not much is yet known about the
behavior of zirconium in a thorium-uranium slurry-fueled reactor. Cal-
culations summarized in Chapter 10 show that both solution- and slurry-
fueled two-region breeders have higher breeding ratios and lower fuel costs
than one-region breeders.

Numerous studies of large-scale two-region breeder reactors have been
carried out [20,26,31-42], some of which are described in detail in Chap-
ter 9.

1-6. MisceELLANEOUS HoMoGENEOUS TYPES

1-6.1 Boiling reactors. In May 1951, following completion of the con-
struction of HRE-1, a group at the Oak Ridge National Laboratory
focused its attention on the possibility of removing heat from a homo-
geneous reactor by boiling, rather than by circulating the fuel solution,
in recognition of the advantages of a boiling reactor. These are: (a) more
rapid response to sudden reactivity increases, minimizing power excur-
sions, (b) elimination of fuel circulating pumps, (¢) increase in the tem-
perature of steam delivered to the turbine for a given reactor operating
pressure, and (d) reduction or elimination of problems of corrosion and
induced radioactivity associated with the circulation of fuel and fertile
material through an external heat-removal system. However, at that
time, questions of the nuclear stability of a boiling, liquid-fuel reactor
and the maximum specific power, in terms of kilowatts per liter, that could
be extracted from a given size core remained to be answered.

Experiments on bulk boiling at atmospheric pressures in a 1-ft-diameter
cylindrical tank indicated that power densities up to 5 kw/liter might be
achieved. It soon became apparent, however, that high-pressure power-
density measurements would be required, and the design of a boiling reactor
experiment (BRE) called the “Teapot” was initiated. To answer the
question of the nuclear stability of such a reactor, a combined group from
the Oak Ridge National Laboratory and Los Alamos operated the SUPO
under boiling conditions in October 1951. The reactor was operated at a
total power of 6 kw and solution power densities of 0.5 kw/liter were
obtained.

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 the Atomic Energy Commission to con-
struct the Boiling Reactor Experiment (BRE) to answer the question of
maximum specific power at higher pressures and to investigate the operat-
ing characteristics of boiling reactors. The proposed reactor was to operate
at a power level of 250 kw of heat and pressures up to 150 psi. The re-
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actor was estimated to cost approximately $300,000, including the building
to house it. A one-year effort involving nuclear and engineering calcula-
tions, completion of the BRE conceptual design, and experiments on
bubble nucleation in the presence of radiation resulted from the proposal.
In January 1953, however, the problem of maintaining sufficient oxidizing
conditions to prevent reduction and precipitation of the uranium in a boil-
ing uranyl sulfate solution became apparent, and construction of the reactor
was deferred pending outcome of solution-stability experiments. These
experiments, completed in October 1953, indicated that at oxygen concen-
trations likely to be encountered in a boiling reactor (6 to 7 ppm), reduction
of the uranium would oceur in solutions in contact with stainless steel.*
Since the metallurgy of titanium or zirconium was not sufficiently advanced
to construct a reactor using these alternate 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 separators and experimental measurements of the move-
ment of air and steam through heated solutions at high pressures were
carried out under contract by the Babcock & Wilcox Company [44].
These results and theoretical calculations of the power removal from boil-
ing reactors [45,46] provide a basis for estimating the obtainable power
density of such reactors under varying core heights, operating pressures,
and moderator density decreases. Values range from 10 to 40 kw/liter
with an average of 18.5 kw/liter for a 15-ft-high core, operating at 2000 psi,
and a density decrease due to steam of 0.4. Although the effect of such
a void fraction on nuclear stability is not known, if tolerable, boiling re-
actors may be able to achieve average power densities comparable to those
estimated for large-scale nonboiling circulating-fuel reactors operating
under a similar pressure [47]. In this latter case, the holdup of solution
in the external circulating system lowers the power density of the core
only, to an average of about 10 to 20 kw/liter. The two systems are
comparable, therefore, in terms of obtainable power densities, and boiling
reactors cannot be excluded on this basis.

The various applications of boiling as a method of heat removal from
homogeneous reactors include a one-region boiling solution or slurry re-
actor, a two-region reactor with a nonboiling core and a boiling blanket,
and a two-region reactor with a boiling core and a boiling blanket. The
problem of maintaining a sufficiently oxidizing solution in a boiling uranyl
sulfate-D20 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 is supplied continuously. Solutions containing 10 g of uranium

*In more recent tests [43] with nonboiling solutions, in which oxygen concentra-
tions were held at 2 to 3 ppm, no reduction and precipitation of uranium occurred.
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per liter have been successfully boiled at 325°C in titanium-lined pipe [48].
Experiments have not yet been carried out with higher uranium concen-
trations in titanium. Continued interest in boiling homogeneous reactors
has led to a number of studies of large-scale reactors of this type
[33,36,37,49-51]. The actual construction of a boiling slurry reactor
is under way in the USSR [52].

Use of boiling as a method for removal of power from the ThO: slurry
blanket of large two-region homogeneous reactors appears to present no
major difficulties [53]. 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 [54]. One major problem is that of keeping the slurry suspended
during startup.

1-6.2 Gaseous homogeneous reactors. Although this book deals pri-
marily with aqueous systems, some mention should be made of other
types of fluid-fuel homogeneous reactors in which the fuel and moderator
are mixed and can be circulated. The existence of UFg, which has a low
parasitic capture cross section and is a gas at ordinary temperatures,
makes possible the consideration of gaseous reactors. UFg boils at 56.4°C
at atmospheric pressure and has a critical temperature of 252°C at 720 psi.
Although Ul is corrosive to most metals, it can be contained in nickel
and monel. However, the effect of radiation on the integrity of the pro-
tective film has not been studied. Considerable experience has been
gained in the handling of UF in metal containers at high temperatures
and pressures.

Pure UFg is not a practical possibility for a gaseous homogeneous re-
actor because fluorine is not a good enough moderator. Addition of helium
makes such a reactor possible, and calculations by D. E. Hull in a report,
“Possible Application of UFg in Piles” [55], show that the critical mass of
a graphite-reflected, He + UFg, reactor is 84 kg of U235, About 15 tons of
helium in a 60-ft-diameter core would be required. In a recent investiga-
tion [56] of reflector-moderated gaseous reactors (Plasma Fission Reactor),
the critical mass of gaseous U235 in a 2-ft-diameter cavity surrounded by
D30 was calculated to be less than 1 kg. Such reactors would have to
operate at extremely high temperatures (3000°K) which many feel are
beyond the realm of present technology.

Mixed UFg gas and dispersions of solid moderators such as beryllium or
graphite have been suggested, as well as beds of moderator particles
fluidized with circulating UF¢ [55]. However, these proposals have no
apparent advantages compared with gas- or liquid-cooled fluidized systems
described in the following section.
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1-6.3 Fluidized systems. A variant of the fixed-bed or solid-moderator
homogeneous reactors consists of subdividing the fuel and/or moderator
to the point where the particles can be fluidized by the flowing gas or
liquid. Gas-cooled reactors of this type have received considerable atten-
tion because of the higher heat-transfer rates obtainable compared with
fixed-bed reactors. .A number of studies of gas-fluidized reactors have been
carried out by ORSORT groups at the Oak Ridge National Laboratory
[57,58] and by other groups [59,60].

In an Oak Ridge study [61] various types of fluidized-bed reactors were
compared. Systems investigated were (a) a sodium-cooled fast reactor,
(b) a gas-cooled system, (c¢) an organic-moderated reactor, (d) a heavy-
water-moderated reactor, and (e) a light-water system. A detailed study
of this latter system was carried out to compare its characteristics and
performance with solid-fuel heterogeneous pressurized-water reactors.
The results indicated that both the light-water-moderated and organic-
moderated fluidized reactors showed promise, while the gas-cooled, the
D20-cooled, and the fast (unmoderated) reactors were found to be less
satisfactory for application of the fluidized-bed technique.

Systems using ThOg, fluidized by gas or D20, were described by the
Dutch at the Geneva Conference on Atomic Energy in 1955 [62,63].

Calculations show that a typical, one-region, 400 thermal Mw reactor
having a core diameter of 15 {t and a temperature rise of 50°C would re-
quire particles in the 40- to 60-micron range [64], whereas a two-region
reactor with a liquid-fluidized blanket would require particles in the 200-
to 600-micron range [65], and if the particles were confined to a 6-in.
annulus next to the core the particle size required would be in the 0.10-
to 1.5-cm range [65].

The disadvantages that may be observed with fluidized suspension
systems include the possibility of particle attrition [65], and instabilities
due to channeling during steady-state operation and due to settling if a
circulating pump failed.

Room-temperature attrition tests using 0.1-in.-diameter X 0.1-in.-long
ThO2 and ThOz + 0.5%, CaO cylinders (cylinders prepared by calcination
at temperatures of both 1650 and 1800°C) fluidized in water gave an
attrition rate of 12 to 159, weight loss per week [66]. However, circula-
tion tests using 10- to 20-micron ThO2 spheres (calcined at 1600°C) in
toroids at superficial velocities up to 26 ft/sec and water temperatures of
250°C showed essentially no attrition for periods up to 200 hr [67].

This appears to indicate that attrition rate is at least a function of par-
ticle size, without giving any indication as to the effect of void fraction,
slip velocity, particle shape and density.
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CHAPTER 2

NUCLEAR CHARACTERISTICS OF
ONE- AND TWO-REGION
HOMOGENEOUS REACTORS*

Nuclear characteristics refer to the conditions and material concentra-
tions under which reactor systems will remain critical, the relative changes
in concentration of materials within the system as a function of reactor
operation, and the time behavior of variables in the reactor system which
occur when deviations from criticality take place. The material concen-
trations are closely connected with fuel costs in power reactors, while
reactor behavior under noncritical conditions is closely related to the safety
and control of the reactor system. These nuclear characteristics are de-
termined from the results obtained from so-called “‘reactor criticality”
and ‘‘reactor kinetic” calculations. In such studies, certain parameter
values pertaining to nuclei concentrations and reaction probabilities are
used; for convenience some of these are listed in Section 2-2.

2-1. CriTiCALITY CALCULATIONS

Criticality studies are also termed ‘‘reactor-statics studies.” In these
studies the concentration of the various nuclei present can vary with
time, but it is assumed that the condition of criticality will be maintained.

The statics of chain reactions in aqueous-homogeneous reactors are of
interest primarily in connection with the estimation of the inventory of
fuel and fertile material, power density at the wall, the flux distribution
inside the reactor, and the rate of production of fissionable isotopes. These
enter into economic calculations pertaining to fuel costs in power reactors
and also into criteria specifying the design of the system. The most im-
portant factors determining criticality dre geometry; nature, concentra-
tion, and enrichment of the fuel; nature and distribution of other com-
ponents in the reactor; and operating temperature and pressure. The
production of fissionable isotopes depends primarily on the neutron economy
of the system and will be a function of the relative competition for neu-
trons between the fertile material and the various other absorbers. The
latter include materials of construction, moderator, fuel components,
fission products, and various nonfissionable nuclei formed by parasitic
neutron capture in the fuel. In designing a reactor for the production of

*By P. R. Kasten, Oak Ridge National Laboratory.
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fissionable isotopes, it is therefore important to choose materials (other
than fuel and fertile material) which have low neutron-capture cross
sections. This, in turn, leads to the selection of D20 as the moderator in
nearly all cases.

Although criticality is assumed at all times, the concentration of fuel
isotopes can change appreciably with time owing to the relative competi-
tion between isotope formation, decay, and neutron-absorption processes.
In many studies it has been assumed that the reactor has operated for
such times that the steady-state conditions apply with regard to the nuclei
concentrations. This simplifies the isotope equations but may not always
give an adequate picture of the actual concentrations which would be
present in an operating reactor.

2-1.1 Calculation methods. Since both light and heavy water are ex-
cellent moderators, the energy of fission neutrons is rapidly degraded, with
the result that most of the fissions are produced by thermal neutrons.
Under these conditions either the modified one-group or the two-group
diffusion equations are usually applicable for criticality calculations. For
simplicity, this discussion will be limited to spherical reactors.

For a bare, spherical reactor the criticality condition (assuming Fermi
age theory) is given by

2P pune Brth th 27(w') —_
. t f ’ T (u' —
B SR s o LR T

where B2 = (w/R)?,
Dy, = thermal diffusion coeflicient,
D(u) = diffusion coefficient as a function of lethargy,

pw = resonance escape probability to thermal energy,

p(u) = resonance escape probability to lethargy u,

R =radius of reactor plus extrapolation distance,

u = lethargy of neutrons,

ww = u evaluated at thermal energy,

v = neutrons emitted per fission,

¢ = average lethargy increment per neutron collision,

2 = macroscopic cross section; superscript th refers to thermal

value; subscripts f, a, and ¢ refer to fission, absorption,
and total cross sections, respectively; Z(u) refers to 2
evaluated as a function of lethargy,

T == Fermi age to thermal energy,

7(u) = Fermi age to lethargy u = f * _.___DE g"zu‘f;"
0 t
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By introducing ¢, the “fast fission factor,” where

th — B2 u ’
Z pme~ Birth f th Zy(u) p(u)e= B du’
0

___total fissions _ 2t + DwB? £2.,()
~ thermal fissions P e Brth ’
Z% 4 Dy,B?
(2-2)
Eq. (2-1) becomes ke—BTth
1 = T R2T2 ’ (2—3)
1+ B2Lg,
where k= nepwfun = infinite multiplication constant,
7 = neutrons emitted per neutron absorption in fuel,

fin = fraction of thermal neutrons absorbed in fuel,

Dy thermal diffusion coefficient

Li = - - —
E“’ macroscopic thermal absorption cross section

Replacing the exponential term in Eq. (2-3) by (1/1+ B27w), the two-
group criticality condition is obtained as

k= (14 B?ra)(1 + B2L%,). (2-4)

Although Egs. (2-1), (2-3), and (2-4) imply that resonance fissions in
the fuel are considered, in usual practice Egs. (2-3) and (2—4) are used on
the basis that (€p)se is equal to unity. Using this assumption, the values
of € and p to be used in evaluating k are those associated with the fertile
material. In the subsequent results and discussion, calculations based on
Egs. (2-3) and (2-4) consider that (€p)sel is equal to unity, while calcula-
tions based on Eq. (2-1) explicitly consider resonance absorptions and
fissions in fuel based on a 1/E resonance-energy flux distribution.

The breeding ratio (BR) is defined as the number of fuel atoms formed
per fuel atom destroyed for the reactor system. For a bare reactor, assum-
ing that the resonance flux is independent of lethargy and that absorptions
in fertile material produce new fuel, the BR is given by

s [ ) f“ﬁ, Ze~B'1p du] + uE}h f Yt Dtertile D€~ BT du
[} ()

BR = L S
th o [*wZe B pdu th f“u, 2a(fuel) pe=B7du
2 (fuel)[l vj(; =, ]+ vZ§ A £,
(2-5)
where Z{2 ... = thermal absorption cross section of fertile material,
Ziertile = absorption cross section of fertile material at lethargy u,

Z4(fuel) = fuel absorption cross section at lethargy w.
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If resonance absorptions in fuel are neglected, the conventional two-group
formula is obtained as

= Eg:rﬁle N(1 — Drertite) . _
BR = Z% (fuel) + 1+ B2ty (2-6)

In the subsequent discussion, reference to one-region, two-group calcula-
tions implies use of Egs. (2-4) and (2-6) to calculate critical mass and
breeding ratio, respectively.

The two-group diffusion equations were used for two-region reactor
calculations. The effect of a thin shell between the two regions upon
reactor criticality and breeding ratio was taken into account by considering
the shell absorptions by means of a boundary condition; the effect of a
pressure-vessel wall was taken into account by using an “‘effective’ extra-
polation distance in specifying the radius at which the flux was assumed
to be zero. The two-group equations were written as:

DscV2¢se — Zycbre + %: 2t =0, 2-7)
DscV2Poc — Zechac + PeZsese = 0, (2-8)
DpV2br— Zpdn+ 1% Zadn=0, (2-9)
DoV 2hes — Zasds + poZpPr= 0. (2-10)

The subscripts f, s, ¢, and b refer, respectively, to the fast flux, slow flux,
core region, and blanket region; D is the diffusion coefficient; ¢ is the
neutron flux; Z, refers to the effective cross section for removing neutrons
from the fast group; and X, refers to the thermal absorption cross section.
Other symbols have the same meaning given previously, with & calculated
on the basis that (€p)fe = 1.

The boundary conditions used assume that the fast flux has the same
value on the core side of the core-tank wall as on the blanket side; the
same is also true of the slow flux. It is also specified that the fast flux and
slow flux become zero at some extrapolated reactor radius. At the core-
tank wall, the net fast-neutron current on the blanket side is assumed equal
to that on the core side, while the net slow-neutron current on the core
side is assumed equal to the flux rate of neutron absorptions in the core
tank plus the net slow-neutron current on_ the blanket side.

A multigroup formulation can be obtained by adding neutron groups
with energies intermediate between the fast and slow groups specified in
Eqs. (2-7) through (2-10). These intermediate groups would be essentially
of the form

DV¢p;i—Zipi+ pi-1Z:i19i-1=0, (2-11)

where ¢ represents the sth group of neutrons, and 7 increases with decreas-
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ing neutron energy. Boundary conditions analogous to those specified
above would apply. Such a formulation assumes that neutrons in the ith
group are always slowed down into the ¢4 1 group, corresponding to a
relatively small number of fast groups. Using about 30 groups or more,
multigroup methods [1] used in homogeneous reactor calculations consider
that fast neutrons are born in the various fast groups in accordance with
the fraction of fission neutrons generated in the particular group; that for
all materials but hydrogen, neutrons are “‘slowed down’” from one energy
group to the group immediately below; and that with hydrogen, the pos-
sibility exists for a neutron to pass from one group to any group below as a
result of one scattering collision. Other multigroup methods [2] of calcu-
lation have been devised which consider that a scattering collision degrades
a neutron into the groups below in accordance with the probability for
degradation into a particular group.

2-1.2 Results obtained for one-region reactors. The majority of critical
calculations for large one-region reactors have been based on Egs. (2-3)
and (2-4), in which all the fissions are effectively assumed to take place in
the thermal group [3]. However, if the effective value of n(fuel) for the
resonance region is less than the value for the thermal region, the above
models may not be adequate. Some multigroup calculations [4] have
been done for uranium-water systems at an average temperature of 260°C;
in Fig. 2-1 are shown critical-mass requirements for light water-uranium sys-
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Fic. 2-1. U5 mags and critical size of uranium light-water mixtures at 260°C.
Assumed densities: U235 = 18.5 g/cm3, U238 = 18.9 g/cm3, H20 = 0.8 g/cm3.
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Fia. 2-2. U235 mags and critical size of bare spherical reactors moderated by
H20~D20 mixtures at 260°C. Assumed densities: U235 = 18.5 g/cm3, H;0 =0.8
g/cm3, D20 = 0.89 g/cm3.

tems, while Fig, 2-2 gives the critical-mass requirements for U235-D,0-
H:0 systems. Initial conversion ratios for light-water systems are given
in Ref. [4].

Nuclear calculations have also been performed [5] using Egs. (2-1)
and (2-5), with the 1/E component of the flux starting at energies of 6 kT'.
The calculations were for single-region reactors containing only ThO.,
U2330,, and D20 at 300°C with the value of 723 in the resonance region
considered to be a parameter. Critical concentrations thus calculated are
given in Fig. 2-3 for zero neutron leakage. The value for %23 in the thermal
energy region was taken as 2.25. The value for %23 in the resonance region
has not been firmly established; based on available data, 723/92 lies
between 0.9 and 1.

When the neutron leakage is not negligible and 723 /7% is less than 1, a
finite thorium concentration exists for which the breeding ratio is a maxi-
mum. This is indicated in Fig. 24, in which the initial breeding ratio is
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given as a function of thorium concentration, reactor diameter, and rela-
tive value of #23. The breeding ratio goes through a maximum owing to
the increase in resonance absorption in fuel as the thorium concentration
is increased.

If the above reactors were fueled initially with U235 the initial breeding
ratio would have a maximum value of 1.08 rather than 1.25; however, the
curves would have about the same shape as those presented in Fig. 24,
and the value for 72, /7% would be between 0.8 and 0.9.

Comparison of the above results with those obtained using a two-group
model shows that if 7./, is equal to 1, the breeding ratio obtained by
the two methods is about the same; however, the critical concentration is
about 30% higher when the two-group model is used. If #n%,/7% < 1, the
value for the breeding ratio obtained using the two-group model will tend
to be higher than the actual value; however, if the fertile-material con-
centration is low (about 200 g/liter or less) and the reactor size large, little
resonance absorption occurs in fuel. Under these conditions the two-group
model should be adequate for obtaining the breeding ratio and conservative
with respect to estimating the critical concentration.

2-1.3 Results obtained for two-region reactors. Most two-region re-
actors have been calculated on the basis of the two-group model. Results
have also been obtained using multigroup calculations which indicate that
the two-group method is valid so long as the value of 7(fuel) is independent
(or nearly so) of energy, or so long as nearly all the fissions are due to ab-
sorption of thermal neutrons.

To compare results obtained by different calculational methods, breed-
ing ratios and critical fuel concentrations were obtained [6] for some two-
region, Dz0-moderated thorium-blanket breeder reactors using a multi-
group, multiregion Univac program (‘‘Eyewash’”) [1] and a two-group,
two-region Oracle program [7]. In these calculations operation at 280°C
was assumed; a 3-in.-thick Zircaloy—2 core tank separated the core from the
blanket; a 6-in.-thick iron pressure vessel contained the reactor; and ab-
sorptions occurred only in U233 and thorium in the core and in thorium in
the blanket. Twenty-seven fast groups, one thermal group, and four
regions (core, Zircaloy—2 core tank, blanket, and pressure vessel) were
employed in the multigroup model. The two-group parameters were com-
puted from the multigroup cross sections by numerical integration [8].
In the two-group, two-region calculations a *‘thin-shell” approximation [9]
was used to estimate core-tank absorptions, while the effect of the pressure
vessel was simulated by adding an extrapolation distance to the blanket
thickness.

In the multigroup studies, various values for #23 in the resonance region
were considered. In one case the value of 7% was assumed to be constant
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and equal to the thermal value.* In another the variation of 723 in the
resonance region was based on cross sections used by Roberts and Alex-
ander [10], which resulted in an 723 /92 of about 0.95; in the third case the
effective value for %723 in the resonance region was assumed to be essen-
tially 0.8 of the thermal value of 2.30.

The initial breeding ratios and U233 critical concentrations obtained from
the Eyewash and two-group, two-region calculations are given in Fig. 2-5
for slurry-core reactors (zero core thorium concentration also corresponds
to a solution-core reactor). With solution-core reactors the effect of the
value of 72 upon breeding ratio was less pronounced than for slurry-core
reactors, since fewer resonance absorptions take place with the lower fuel
concentrations. The blanket thorium concentration had little influence
upon the above effect for blanket thorium concentrations greater than
250 g/liter.

As indicated in Fig. 2-5, the breeding ratio is rather dependent upon
the value of 23; the loss in breeding ratio due to a reduced value of 723
in the resonance region is most marked for the slurry-core systems. For
these reactors, relatively more fissions take place in the resonance-energy
region as the core loading is increased, owing to the “‘hardening” of the
neutron spectrum. Figure 2-5 also shows that the two-group model gives
breeding ratios which are in good agreement with those obtained from
the multigroup model, so long as 1%, does not deviate significantly from
7%3. Reported measurements [11-13] of #?3 as a function of energy indi-
cate that for the reactors considered here, the value of 723 /7% would be
about 0.95; the results given by curve “‘a” in Fig. 2-5 are based effectively
on such a value of 7%,/9% and indicate that two-group results are valid.

In general, for the cases studied it was found that for a heavily loaded
blanket (or core), the two-group values of total neutron leakage were
larger than the total leakages obtained from the multigroup calculation
(the multigroup model allowed for competition between fast absorptions
in fuel and fast leakage, while the two-group model assumed that fast
leakage occurred before any resonance absorption occurred). The multi-
group results were also used to calculate the fast effect, €, previously
defined in Eq. (2-2). It was found that resonance fissions accounted for
109, to 409, of the total fissions in those reactors containing from 0 to
300 g Th/liter in the core region. With no thorium in the core region,
changing from a 4-9 reactor (4-ft-diameter core and a 9-ft-diameter pres-
sure vessel) to a 6-10 reactor decreased core resonance fissions from about
14%, to 10%,.

If the reactor core size is small, the two-group method does not ade-
quately treat leakage of fast neutrons; for this case two-group results may

*The thermal value for 723 was assumed to be equal to 2.30 instead of 2.25 used
in more recent calculations (the 2.25 value is believed to be more accurate).
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F1a. 2-5. Breeding gain and critical concentration for slurry-core reactors vs.
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ft, blanket thorium concentration = 1000 g/liter, blanket U233 concentration = 3.0
g/kg of Th.
not be adequate even though 7, is equal to 7,,. This is indicated by the
experimental [14] and calculated results for the HRE-2 given in Fig. 7-15.
As illustrated, there is excellent agreement between the experimental
data and the data calculated by a multigroup method and by a “har-
monics” method, but not with the results from the two-group model.
The harmonics calculation [15] referred to in Fig. 7-15 does not take into
account fast fissions but does treat the slowing-down of neutrons in a more
realistic manner than does the two-group calculation. The multigroup
result [16] indicated that about 139, of the fissions were due to neutrons
having energies above thermal.

A comparison [15] of the U235 critical concentrations predicted by the
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diffusion length of pure moderator, L¢% = 40,200 cm2. Fuel only in core.

use of different slowing-down kernels in D2O-moderated reactors is shown
in Fig. 2-6. In the age-Yukawa kernel [given by (e™/4"1/(4mr71)3/2) X
(e"/‘/f—z/47r7'2r)], the ‘‘age’” parameters were taken to be 158 cm? for 7,
and 79 cm? for 72. For both the age kernel (given by e~"/47/(4m7)3/2)
and the Yukawa kernel (given by e~"/V7/4xr r), T was taken to be 237 cm?.
The results show that in small reactors the calculated critical concentration
obtained using the two-group method (Yukawa kernel) is substantially
lower than that obtained using either an age-Yukawa or an age kernel to
represent the neutron distribution during the slowing-down process. Since
the age-Yukawa kernel is believed to be the proper one to use for D20,
and the HRT is a “small” reactor (in a nuclear sense), it is not surprising
that the two-group results given in Fig. 7-15 are appreciably different
from the experimental results.

2-2. NucLeEAR CONSTANTS UsED IN CRITICALITY CALCULATIONS

In obtaining the nuclear characteristics of reactors, it is necessary to
know the probabilities with which different events occur. These reaction
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probabilities are usually given on an atomic basis in terms of cross sec-
tions [17]. Because of their diverse applications, it is necessary to present
reaction probabilities in this manner; however, in calculating the nuclear
characteristics of homogeneous reactors, it is convenient to combine funda-
mental data concerning atomic density and reaction probabilities so as to
facilitate critical calculations. This has been done to a limited extent in
this section. Listed here are some nuclear data and physical properties of
uranium isotopes, uranyl sulfate, heavy water, thorium oxide, and Zirca-
loy-2 used in two-group calculations for thorium breeder reactors [18].

TABLE 2-1

TaERMAL Microscoric ABSORPTION CRross
SEcTIONS AT VARIOUS TEMPERATURES

(Corrected for Maxwell-Boltzmann distribution and also non-(1/v) correction)

Element N e‘;t;gé‘n‘l’/e:;‘;’ty | a°C 100°C | 280°C
0,4, barns [17]
U233 588 526 460 376
U234 92 82 72 59
U235 689 595 515 411
y236 6 5.3 4.7 3.9
U238 2.73 2.42 2.15 176
Pa233* [19] 60 130 130 130
Th232 7.45 6.60 5.85 4 81
Pu?3® 1025 975 905 950
Puy240* 250 600 700 1000
Pu24 1399 1240 1118 952
S 0.49 0.43 0.39 0.32
Li7 (99.98%) [20] 0.23 0.20 0.18 0.15
o7, barns [17]

U2 532 472 412 337
U235 582 506 438 350
Pu23® 748 711 660 693
Pu24! 970 " 860 776 660

*Estimates of the effective cross section in typical homogeneous-reactor neutron
spectrums (except for 2200 m/sec value); these values include contributions due to
resonance absorptions. (Although these values were not used in the calculations
presented, they are believed to be more accurate than the ones employed. Values
used for Pa23? were 133, 118, and 97 barns at 20, 100, and 280°C, respectively.)
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2-2.1 Nuclear data. Table 2-1 lists thermal microscopic absorption and
fission cross sections for various elements and for various temperatures.
Table 2-2 lists thermal macroscopic absorption cross sections for H20,
D20, and Zircaloy-2, and the density of H20 and D20 at the various

TaBLE 2-2

THERMAL MAcroscoric ABSORPTION CROSS SECTIONS
AND DENsITies AT VARrIous TEMPERATURES [18]

(Corrected for Maxwell-Boltzmann distribution on basis of 1/v cross scction)

Element 20°C 100°C 280°C
2o (1120) 0 0196 0 0167 0 0107
2,099 75% D20) 8 02x%x 10-5 6 85X 10°5 4 44 x 10°5
2 o(Zircaloy-2) 0 00674 0 00598 0.00491
p(D:0) 1 105 1.062 0 828
p(H20) 1 000 0 962 0 749

temperatures. All cross sections listed under the columns headed by °C
have been corrected for a Maxwell-Boltzmann flux distribution.

Values of 7 and » for the various fucls, and the fast and slow diffusion
coeflicients for Zircaloy are given in Table 2-3.

TABLE 2-3

SoME NuUCLEAR CONSTANTS FOR
UrANIUM, PLUTONIUM, AND ZIRCALOY-2

Values of 7 and » for U and Pu [21]

Element Ui v
U3 2.25 2.50
[23s 2 08 2.46
Pu23® 1.93 3 08
Pu24 2 23 3.21

Diffusion coefficients for Zircaloy-2: [22]
D, = D3 =0.98 for all temperatures,
where D = fast diffusion coefficient,
D3 = slow diffusion coefficient.




42 ONE- AND TWO-REGION HOMOGENEOUS REACTORS [cHAP. 2

Data for two-group calculations are summarized in Table 2—4 for 7, Dy,
D2, and p as functions of fertile-material concentration in mixtures of

TaBLE 24

Two-Group NucLeAR CoNsTANTS* ror 1);()-MODERATED
SysTeMs AT 280° C [18]

Fertile-material concentration, T, Dy, D3,
g/liter cm? cm cm p
Th (in ThO2-D20)
0 212 1 64 124 1 000
100 212 1.62 123 0 909
250 213 1 60 122 0 825
500 213 1 56 120 0718
1000 215 150 116 0 554
U238 (in U02504-D20)
0 212 1 64 1 24 1 000
100 200 1 57 120 0 873
250 189 149 115 0 801
500 179 140 110 0 720
1000 173 128 104 0 595
U238 (in U02804-Li,804-D20)1
0 212 1 64 124 1 000
100 198 155 1.19 0 873
250 185 145 113 0 797
500 173 133 107 0 705
1000 165 118 0 99 0 525

*r = Fermi age; D= fast diffusion coefficient; D2 = slow diffusion coefficient;
p = resonance escape probability.
1Li2804 molar concentration equal to UO2504 molar concentration.

fertile material and heavy water (99.759% D20) at 280°C. Materials con-
sidered are ThO2-D20, U02S04-D20, and U02804-LiaS04-1)20 where
the molar concentration of Li2SO4 is the same as the U02S0; molar con-
centration. Reference [18] gives corresponding data at other temperatures
and also gives some values for the case of H20O as the moderator.

The diffusion coeflicients and ages were calculated by a numerical inte-
gration procedure [8]. The fast diffusion constant, D;, and the Fermi
age, 7, arc based on a 1/ flux distribution, and the slow diffusion con-
stant, D3, is based on a Maxwellian flux distribution.



2-3] STEADY-STATE FUEL CONCENTRATIONS 43

2-2.2 Resonance integrals. Formulas used in calculating resonance in-
tegrals (RI) are given below.

For U238,
>, \0471 >,

RI=2.69 (W) 0= = 4X 10, (2-12)
In RI = 5.64 — @?%V%LW’ ]_VE% > 4 X 103, (2-13)
RI(w) = 280 barns. (2-14)

For Th232;

>, \0253 >,

RI = 8.33 (W) ;0= 2= 4500, (2-15)
RI = 70 barns, ]—Vzé > 4500, (2-16)
RI() =70 barns. 2-17)

2-3. FueL, CONCENTRATIONS AND BREEDING RATIOS UNDER INITIAL
AND STEADY-STATE CONDITIONS

The relationships between breeding ratio and reactor-system inventory
determine the fuel costs in homogeneous reactors. The breeding ratio
depends on neutron leakage as well as relative absorptions in fuel fertile
material and other materials present, while material inventory is a function
of reactor size and fuel and fertile-material concentrations; thus a range
of parameter values must be considered to aid in understanding the above
relationships. Based on results given in Section 1-1.3, it appears that the
two-group method gives satisfactory results for critical concentration and
breeding ratio for most of the aqueous-homogeneous systems of interest.
This permits survey-type calculations to be performed in a relatively short
time interval. The results given below are based on the conventional two-
group model.

In steady-state operation, the concentration of the various nuclides
within the reactor system does not change with time. During the initial
period of reactor operation this situation is not true, but is approached
after some time interval if neutron poisons are removed by fuel processing.
Under steady-state operation it is necessary to consider the equilibrium
isotope relationships. In thorium breeder reactors this involves rate ma-
terial balances on Th, Pa233 U233 [J234 U235 U236, fission-product poisons,
and corrosion products. (The uranium isotope chain is normally cut off at
U236 gince this is a low-cross-section isotope, and neutrons lost to the suc-
cessors of U236 would tend to be compensated for by fission neutrons gen-
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erated by some succeeding members of the chain.) In uranium-plutonium
reactors, steady-state rate material balances were made on U235 236
U238, Pu?39, Pu?40, and Pu2%!; all other higher isotopes were assumed either
to be removed in the fuel-processing step or to have a negligible effect
upon the nuclear characteristics of the reactor.

Although equilibrium results give the isotope ratios which would be
approached in a reactor system, much of the desired nuclear information
can be obtained by considering ‘‘clean’ reactors, i.e., reactors in which
zero poisons exist, corresponding to initial conditions, or to criticality con-
ditions at reactor startup. This is a result of the rather simple relationships
which exist between breeding ratio, critical concentration, and fraction
poisons, and the ability to represent the higher isotopes by their fraction-
poison equivalent.

2-3.1 Two-region reactors. In order to estimate the minimum fuel costs
in a two-region thorium breeder reactor, it is important to determine the
relation between breeding ratio and the concentrations of fuel (U233) and
fertile material (Th232) in the core and blanket. Similar considerations
apply to uranium-plutonium converter reactors. The breeding or con-
version ratio will depend on neutron leakage as well as relative neutron
absorptions in fuel, fertile material, and the core-tank wall; therefore a
range of core and pressure-vessel sizes must be considered.

Since fabrication problems and the associated cost of pressure vessels
capable of operating at 2000 psi increase rapidly for diameters above 12 ft,
and since the effect of larger diameters on the nuclear characteristics of the
two-region reactors is relatively small, 12 ft has been taken as the limiting
diameter value. Actually, in most of the calculations discussed here, the
inside diameter of the pressure vessel has been held at 10 ft and the core
diameter allowed to vary over the range of 3 to 9 ft.

In addition to the limitation on the maximum diameter of the pressure
vessel, there will also be a limitation, for a given total power output, on
the minimum diameter of the core vessel. This minimum diameter is de-
termined by the power density at the core wall, since high power densities
at the wall will lead to intolerable corrosion of the wall material (Zircaloy—2).
In order to take this factor into consideration, the power densities, as well
as critical concentrations and breeding ratios, were calculated for the
various reactors.

2-3.2 Two-region thorium breeder reactors evaluated under initial con-
ditions. The results given here are for reactors at startup; although the
trends indicated apply to reactors in steady-state operation, the values
given here for the breeding ratio and fuel concentration would be some-
what different than those for steady-state conditions.
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Calculations of breeding ratio, the power density at the inside core
wall, and the maximum power density were carried out for some spherical
reactors with 200 g Th/liter in the core. The blanket materials considered
were heavy water (99.75%, D20), beryllium, and ThO2z-heavy water sus-
pensions. The inside diameter of the pressure vessel was fixed at 10 ft for
one set of calculations and at 12 ft for a second set; core diameters ranged
from 6 to 9 ft in the first set and from 6 to 11 ft in the second set. The
average temperature of all systems was taken as 280°C, and for the purpose
of calculating power densities at the core wall, the total thermal power
was taken as 100 Mw. A 1-in-thick Zircaloy—2 core tank was assumed to
separate the core and blanket in all reactors, and the value of 5?® was
taken as 2.32. (A more accurate value of 523 is presently considered to be
7=2.25.) No account was taken of fission-product-poison buildup, pro-
tactinium losses, or fuel buildup in the blanket. The results obtained [23]
indicate that the breeding ratio increases for any core diameter by re-
placing either a D20 or Be blanket with one containing ThO2; no sig-
nificant increase in breeding ratio is obtained by increasing the blanket
thorium concentration above 2 kg Th/liter; for reactors with fertile ma-
terial in the blanket, the breeding ratio and wall power density increase
with decreasing core diameter.
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Fia. 2-7. Effect of core thorium concentration on breeding ratio and wall power
density of two-region slurry reactors. 7= 2.25, total reactor power =100 Mw
(heat), pressure vessel = 10 ft ID, U233 in blanket = 3 g/liter, poison fraction = 0,
temperature = 280°C.
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Additional results [24] obtained on the same bases given above except
that 123 was considered to be 2.25, and that the U233 concentration in the
blanket region was varied, are given in Figs. 2-7 through 2-9. Results
were obtained for 10-ft-diameter pressure vessels and for core diameters
of 6, 7, and 8 ft; the blanket thorium concentration was 500, 1000, or
2000 g/liter, while the core thorium concentration was 0, 100, 200, or
300 g/liter. Generally, the results in Figs. 2-7 through 2-9 are complete
for the 7-ft-diameter-core reactors, while for the 6- and 8-ft-diameter-core
reactors results are shown only for the parameter-value extremes. The
variation of results with parameter value is practically the same for all
three core diameters, and so all the essential results are presented in the
figures.

In all cases slurries of D20-ThO2-U?3303 are assumed in both the core
and blanket regions, and all power densities are based on the assumption
that the total reactor power is 100 thermal Mw. Whenever the power
density on the blanket side of the core-tank wall was greater than that on
the core side (owing to a fuel concentration which was higher in the blanket
than in the core), the greater value was plotted. This situation is indicated
by the dashed lines in Fig. 2-7.

Typical information obtained for these slurry reactors is given in
Table 2-5 for two of the cases considered. The values of breeding ratio for

TABLE 2-5
SLURRY-REACTOR CHARACTERISTICS

Pressure-vessel inside diameter, ft 10 10
Core inside diameter, ft 7 7
Core thorium concentration, g/liter 100 200
Blanket thorium concentration, g/liter 1000 2000
Blanket U233 concentration, g/liter 3 5
Total power, Mw 100 100
Blanket power, Mw 85 4.2
Critical core concentration, g U233/liter 30 6.0
Breeding ratio 1.18 1.21
Power density at core center, kw/liter 43 45
Power density at core wall, kw/liter 5.4 4.9
Flux at core center X 1014 5.5 2.9
Neutron absorptions in core wall, 7, 0.7 0.3

the two-region reactors given may be compared with those in Table 2-6
for a one-region reactor having the same size and same diameter pressure
vessel. These results indicate that for a given size, two-region reactors
have significantly higher breeding ratios than do one-region reactors.
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TaBLE 2-6

BreepiNngG RaTio IN 10-FT-DIAMETER
ONE-REGION REACTORS (ZERO PoIsons)

Thorium concentration, Breedi ;
g/liter reeding ratio

100 0.875

200 0 993

300 1.037

For all reactors having thorium concentrations of at least 100 g/liter
in the core and 500 g/liter in the blanket, the neutron absorption by the
core-tank wall was less than 19, of the total absorptions. The variations
of breeding ratio and wall power density with core size, thorium concentra-
tion, and blanket U233 concentration are plotted in Figs. 2-7 and 2-8 for
reactors of 10-ft over-all diameter. The variations of critical concentration,
fraction of total power generated in the blanket region, and the ratio of
fuel to thorium required in the core for criticality are given in Fig. 2-9 for
different thorium concentrations and blanket fuel concentrations. The
curves for the ratio of U233/Th versus core thorium concentration are of
value in determining the reactivity which would occur if there were a rapid
change in core thorium concentration. If the reactor operating conditions
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Fig. 2-8. Effect of blanket U233 concentration on breeding ratio and wall power
density of two-region slurry reactors. 7= 2.25, total reactor power = 100 Mw
(heat), pressure vessel=10 ft ID, core diameter=7 ft, poison fraction= 0,
temperature = 280°C.
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were such that the flat region of the appropriate curve applied, small
uniform changes in core thorium concentration would have a negligible
effect upon reactor criticality. The location of the minimum in these
curves did not vary appreciably with changes in blanket thickness, blanket
thorium concentration, and blanket fuel concentration. The results given
in Figs. 2-7 through 2-9 indicate that for large spherical reactors the
breeding ratio increases when the core size decreases, when the blanket U233
concentration decreases, and when the thorium concentration is increased
in either the core or blanket region. The core-wall power density decreases
when the thorium concentration is increased in the blanket region and
when the core size increases, but is relatively insensitive to changes in the
blanket fuel concentration for thorium concentrations greater than 100 and
500 g/liter in the core and blanket, respectively. The critical concentration
of U*33 in the core decreases with decreasing core thorium concentration
and with increasing core diameter, and varies only slightly with changes
in blanket thickness, blanket U233 concentration, and blanket thorium
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Fra. 2-9. Effect of core thorium concentration on U233 critical concentration,
ratio of U233 to Th required for criticality, and fraction of total power generated in
blanket for some two-region slurry reactors. 723 = 2.25, pressure vessel = 10 ft
ID, poison fraction = 0, U233 in blanket = 3 g/liter, temperature = 280° C.
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concentration. The fraction of total power generated in the blanket increases
nearly linearly with increasing blanket U233 concentration, increases with
decreasing core diameter, and also increases with decreasing core and
blanket thorium concentrations. Finally, the U233-fo-thorium ratio re-
quired in the core for criticality passes through a minimum when the core
thorium concentration is permitted to vary. These variations show that
desirable features are always accompanied by some undesirable ones. For
example, increasing either the core or blanket thorium concentrations
results in an increase in breeding ratio, but there is also an accompanying
increase in inventory requirements; decreasing the core radius increases
breeding ratio and possibly decreases inventory requirements but increases
wall power density. These types of variations illustrate that minimum
fuel costs will result only by compromise between various reactor features.
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Fie. 2-10. Gross breeding ratio and maximum power density at core wall for
two-region cylindrical reactors. W =g of U23/kg of Th232 in blanket, blanket
radius = 5 ft, power = 450 Mw (heat).

The breeding ratio, the power density at the core wall for a given total
power, and the required fuel concentration have also been evaluated for
cylindrical reactors [25]. The results, plotted in Fig. 2-10, are based on
two-group calculations for cylindrical reactors; the diameter of the pressure
vessel was assumed to be 10 ft, the total reactor power 450 Mw, the reactor
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temperature 300°C, and the core diameter either 4 or 6 ft. The Zircaloy-2
core tank was assumed to be 4-in. thick when the core diameter was 4 ft,
and § in. when the core diameter was 6 ft. The reactors were assumed to
contain D20, U233, and 69, fraction poisons in the core region and D20,
U233, and 1000 g Th/liter in the blanket region. Figure 2-10 gives the
breeding ratio and the maximum power density at the corc wall (core side)
as a function of reactor length for different core radii and blanket fuel con-
centrations. The highest breeding ratios are associated with small core
radii, thick blankets, and long reactors; however, these reactors also have
relatively high power densitics at the core wall. Increasing the reactor
length increases the breeding ratio and decreases the wall power density
and the critical fuel concentration but appreciably increases the inventory
of material.

In other studies [26] of cylindrical reactors, results were obtained which
indicated that breeding ratios for cylindrical reactors of interest were about
the same as those obtained for spherical reactors. The required fuel con-
centrations were higher, as expected, so that the average flux was lower
for the cylindrical geometry. Although the maximum core-wall power
density deereased with increasing cylinder diumeter, it was always higher
than the wall power density obtained for the spherical reactors of equal
volume. The results of these calculations are given in Table 2-7. These
reactors were assumed to be at 280°C with 79, core poisons, 3 g of U233
per liter and 1000 g of Th per liter (as ThO2) in heavy water in the blanket,
and operated at a total power of 60 Mw. A cylindrical core was assumed
to be positioned within a cylindrical pressure vessel such that a 2-ft blanket
thickness surrounded the core.

The results given in Table 2-7 show that increasing the reactor height
had only a slight effect on breeding ratio; also, although the critical con-
centration declined with increasing height, the corresponding total fuel
inventory increased. While not shown, the ratio of blanket power to core
power did not vary significantly with reactor height. Increasing the core
volume caused a pronounced decrease in core-wall power density and an
increase in fuel inventory. Thus, for a 3-ft-diameter core, increasing the
core length from 4.8 to 8 ft decrcased the power density by 369%,. However,
the blanket and core fuel inventory increased by about 409%.

2-3.3 Nuclear characteristics of two-region thorium breeder reactors
under equilibrium conditions. Results [27] of some nuclear computations
associated with the conceptual design of HRE-3 are given below for
spherical two-region reactors in which the following conditions were
specified:

(1) The reactor system is at equilibrium with regard to nuclei concen-
trations.
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(2) Hydroclone separation of poisons from the core system is employed
in addition to Thorex processing.

(3) The core Thorex cycle time is a dependent function of the specified
total poison fraction; the blanket cycle time is a function of the blanket
U233 ¢oncentration.

TABLE 2-8
CHARACTERISTICS OF INTERMEDIATE-SCALE (HRE-3)
Two-REcioN ReacTors (EQUILIBRIUM CONDITIONS)

Core diameter, ft 4 4 4 4 5
Pressure vessel ID, ft 8 8 9 9 9
Blanket thorium, g/liter 500 1000 500 1000 . {1000
Blanket U233, g/kg Th 30 30 30 30 30
Core poison fraction 0 07 0 07 0 07 0.07 007
Concentration of U233,

g/liter (core) 3 68 4 04 3 63 4 02 219
Concentration of U235,

g/liter (core) 0 41 0 39 037 037 0.21
Breeding ratio 1 041 1094 1 086 1 123 1 089
Core-wall power density

(inside), kw/liter 27 23 27 23 10
Core cycle time, days 833 901 817 893 616
Blanket cycle time, days 220 371 288 504 486
Core power, Mw (heat) 51.5 51 9 51 0 517 51 2
Blanket power, Mw (heat) 100 96 10 5 9.9 10 3

Neutron absorptions and leakages per 100 absorptions in fuel

Absorptions in core by:
U233
U234
U235
U236
Poisons
Heavy water
Absorptions in core tank
Absorptions in blanket by:
U233
U234, 235 {236
Th
Pa2s33
Poisons
Heavy water
Fast leakage
Slow leakage
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(4) The poison fraction due to samarium is 0.8%; that due to xenon
is 19, [poison fraction is the ratio of Z,(poison)/Z ;(fuel)].

(5) The external core system has 1.0 liter of volume for every 20 kw of
core power; the blanket external system has 1.0 liter for every 14 kw of
blanket power.

(6) The total reactor power is 61.5 thermal Mw.

(7) The average core and blanket temperatures are 280°C.

The breeding ratio for the reactor variables considered is plotted in Fig. 2-11
as a function of pressure-vessel size for 4- and 5-ft-diameter cores with
several blanket thorium concentrations. More extensive results, including
neutron balances, are given in Table 2-8 for selected reactors. The neutron
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Fig. 2-11. Breeding ratio as function of pressure vessel size for various core
diameters and blanket thorium concentrations. Core poison fraction = 0.07, cor-
rosion products =0, copper concentration =0, blanket U233 =3.0 g/kg of Th,
723 = 2.23, mean temperature = 280°C, cquilibrium isotope concentrations.

balances are normalized to 100 absorptions in U233 and U?235; therefore the
numerical values represent approximately the percentage effects of the
various items on the breeding ratio (however, the effect of Pa233 losses on
breeding ratio would be obtained by doubling the values given).

Some of the materials which act as neutron poisons can be altered by
reactor-system design; these include fission-product poisons, core-tank
material, contaminants such as 11,0, and additives such as the cupric
ion. The effect of these on breeding ratio is discussed below.

Fission-product poisons. 'The effect of total core poison fraction, fpe
(ratio of absorption cross section of poisons to fission cross section of fuel),
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Fic. 2-12. Effect of core poison fraction on breeding ratio. Core diameter = 4 ft,
blanket U233 = 3.0 g/kg of Th, 723 = 2.25, mean temperature = 280°C, equilibrium
isotope concentrations.
on breeding ratio is shown in Ifig. 2-12. The results indicate that for these
reactors the change in breeding ratio with change in poison fraction cau
be estimated from the relation

ABI{ = —0.75 Afpc- (2—18)

Achievement of a xenon poison fraction of 0.01, as postulated in the
computations for I'ig. 2—-11 and Table 2-8, requires the removal of most of
the xenon or its iodine precursor before neutron capture occurs. If there
is no fast-cycle system for iodine or xenon removal, the poison fraction
resulting from xenon will be about 0.05. According to Iiq. (2-18), the
breeding ratio would be reduced by about 0.03 below the values given in
Iig. 2-11 if all xenon were retained in the core system.

Core-tank absorptions. The thickness of the Zircaloy core tank was taken
as 0.42 in. for the 5-ft core and 0.33 in. for the 4-ft vessel. As shown in
Table 2-8, neutron captures in the core tank reduce the breeding ratio
about 0.02 in the 4-ft core and 0.03 in the 5-ft core. If the core-tank thick-
ness were altered, the losses would be changed proportionately.

Absorptions in copper. Copper can be added to act as a recombination
catalyst for decomposed water. No allowance for neutron absorptions in
the copper recombination catalyst was made in these computations. The
poison fraction attributable to copper in various concentrations and the
cffects on breeding ratio (ABR) are estimated in Table 2-9. Ior other
copper concentrations the poisoning effects would be proportionate to the
alues in Table 2-9.
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TaABLE 2-9

ErrecT oF CoPPER ADDITION ON BrEEDING RATIO

Core Copper Poison
diameter, concentration, fraction ABR
ft g-mole/liter
4 0.01 0 004 —0.003
5 0.01 0.008 —0.006

The copper concentration required for 1009, recombination in a 4-ft
core at 61.5 Mw has been estimated to be 0.018 g-mole/liter. For this core
size and copper concentration, the loss of neutrons to copper would reduce
the breeding ratio by 0.005.

H 30 contamination. Any IT20 contained in the heavy-water moderator
will act as a poison and reduce the breeding ratio. The above results are
based on the use of heavy water containing 0.25%, H20. Neutron captures
in the moderator in a 4-ft-core reactor (see Table 2-8) were found to be
about 0.009 per absorption in fuel, of which about 609, were in He. Thus
0.259, 1120, which is 9 liters in a 3600-liter system, reduced the breeding
ratio by 0.005. Other values are given in Table 2-10. Different concentra-
tions of H20) would cause changes in breeding ratio proportionate to the
values in Table 2-10.

TasLE 2-10

Errecr oF HyO CONCENTRATION ON
BreepiNg RATIO

Core diameter, ft H:0 concentration ABR
4 1 0% (36 liters) -0 02
5 1 09, (44 liters) —0.04

A specified volume of H20 added to the blanket has much less effect on
brecding ratio than the same amount added to the core. This is a result of
both the lower flux in the blanket region and the larger volume of the
system.

Corrosion products. Assuming the surface area of stainless steel in the
core high-pressure system to be 6000 ft2, corrosion to an average depth of
0.001 in. would remove 250 Ib of metal. If this were distributed uniformly
throughout the fuel solution, the poison fraction resulting from it would be
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about 0.18 in a 4-ft core and 0.36 in a 5-ft core. However, iron and chro-
mium would precipitate and be removed by hydroclones. If the hydro-
clones were operated on a fast cycle time (several days), neutron capture
in iron and chromium would be unimportant. Nevertheless, the absorption
cross section of the nickel and manganese (which probably remain in solu-
tion) amount to about 159, and 99, respectively, of the total absorption
cross section of type—347 stainless steel. Thus, from 0.001 in. of corrosion,
the nickel and manganese would yield a poison fraction of about 0.04
(ABR = 0.03) in a 4-ft core, and 0.08 (ABR = 0.06) in a 5-ft core.

The actual value of the poison fraction from corrosion products would
depend on the corrosion rate and the chemical processing rate. If the cor-
rosion products are assumed to change to isotopes of the same cross sec-
tion upon neutron capture, the following relations are obtained under
equilibrium conditions:

f»=0.04X R X (T./365) (Core ID =4 ft), (2-19)
f»=0.08 X R X (T./365) (Core ID = 5 ft), (2-20)

where f, is the equilibrium core poison fraction from corrosion products,
the mean corrosion rate in mils/yr, and T the core cycle time in days.

An additional point of concern resulting from corrosion of stainless steel
is the adverse effect of high corrosion-product concentrations on the
stability of fuel solution. The concentration of nickel resulting from
0.001 in. of corrosion would be 0.052 g-mole/liter, and that of manganese
would be 0.011 g-mole/liter. Unless adjustments were made to the acid
concentration, the fuel solution would probably form a second phase
before the above concentration of nickel was attained.

The corrosion products from the Zircaloy—2 core vessel would not appre-
ciably affect the breeding ratio, even if they remained in suspension.
Owing to the dilution effect associated with the large external volume, cor-
rosion of the core tank would result in a slight increase in the breeding ratio.

2-3.4 Equilibrium results for two-region uranium-plutonium reactors.
Initial reactor-fuel materials which have been considered [28] in uranium-
plutonium systems are UO2S04-D20, UO2(NO3)2-D20, and UO3-D20.
Of these, the system which gives the highest conversion ratio is the one
containing UO3-D320. However, because of the relatively low values for
7(U23%) and n(Pu?3), it is presently considered that the attainment of a
conversion ratio as great as unity under equilibrium conditions is imprac-
tical because of the high fuel-processing rates and the large reactor sizes
that would be required. However, many uranium-plutonium reactor
systems which will operate on either natural-uranium feed or on fuel of
lower enrichment than natural uranium appear feasible. A two-region
reactor can be operated by feeding natural uranium (or uranium of lower
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enrichment in U235) into the blanket region, and plutonium (obtained by
processing the blanket) into the core region.

The reactor system considered here is one containing UQ3, PuQ», and
D20; steady-state concentrations of U235 U236 238 Py239 Pyt and
Pu?4! are considered. Fuel is removed and processed at a rate required to
maintain a specified poison level. The reactor consists of a core region in
which plutonium is burned and of a blanket region containing uranium
and plutonium. Under equilibrium conditions the net rate of production
of plutonium in the blanket is equal to the plutonium consumption in the
core. In Table 2-11 are given [29] some of the nuclear characteristies for

TaBLE 2-11

Dara ror Two-Rec10N, UO3—PuO2-D20 REAcTORs OPERATING AT 250° C,
Having A CoreE DIAMETER OF 6 FT, A BLANKET THICKNESS OF 3 FT, AND
VARIABLE BLANKET-FUEL ENRICHMENT

U235/U238 in blanket 0 0026 0 0035 0 0040
Blanket U cone., g/liter 500 500 500
Pu239/U238 in blanket 0 0010 0 0018 0 0022
Pu240/U238 in blanket 0 00013 0 00041 0 00060
Pu241/U238 in blanket 0 00002 0 00007 0 00011
Feed enrichment, U23%/U 0 0031 0 0047 0 0058
Blanket power, Mw 247 411 519

Core power, Mw 320 320 320

Core Pu cone., g/liter 1 66 148 1.40
Pu240/Pu249 in core 099 0.99 099
Pu?i/Pu?% in core 0.35 035 035
Fraction of fissions in U235 025 0 28 0 30
Fraction of U consumed 0.017 0.016 0 015
Total power, Mw (heat) 567 731 839

two-region, UO3-PuQ2-D20 reactors having a core diameter of 6 ft and an
over-all diameter of 12 ft, and having various U235/U238 ratios in the blanket
region.

2-3.5 One-region reactors. Single-region reactors have simpler designs
than two-region reactors by virtue of having only a single fuel region; also,
fuel processing costs for one-region reactors are generally lower than for
two-region systems. However, to attain breeding or conversion ratios
comparable to those in a 10-ft-diameter two-region reactor, the diameter
of a one-region reactor has to be about 15 ft or greater. The construction
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of pressure vessels of such diameters is difficult, and relatively little ex-
perience on such construction has been obtained to date.

In the succeeding sections some equilibrium results are given for the
nuclear characteristics of one-region breeder and converter reactors.
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Fic. 2-13. Breeding ratio vs. thorium concentration for one-region reactors of
various diameters. Poison fraction = 0.08, 23 = 2.25.

2-3.6 Equilibrium results for one-region thorium breeder reactors. Re-
sults have been obtained [30] for one-region thorium breeder reactors
operating under equilibrium conditions.  Critical concentrations and
breeding ratios were obtained by means of Eqs. (2-4) and (2-6). Iig-
ure 2-13 gives the breeding ratio as a function of thorium concentration
and reactor diameter. Comparison of these results with those obtained for
two-region reactors illustrates that reactor diameter influences breeding
ratio to a greater extent in one-region systems than in two-region systems.
Also, increasing the reactor diameter increases the breeding ratio signif-
icantly even for 14-ft-diameter reactors. Although breeding ratio can be
increased by increasing the thorium concentration, there is an accompany-
ing increase in fuel inventory. To keep inventory charges at a reasonably
low level and yet permit a breeding ratio of unity to be attained requires
thorium concentrations between 200 and 300 g/liter and reactor diameters
of about 14 ft.

The equilibrium isotope concentrations as a function of thorium concen-
tration for a 14-ft-diameter reactor are given in Fig. 2-14. This diameter
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Fic. 2-14. Uranium isotope concentrations under equilibrium conditions vs.
thorium concentration in a one-region reactor of 14-ft diameter.

value has been chosen because it represents the diameter which gives
minimum fuel costs, although it is realized that construction of the cor-
responding vessel may be beyond present technology. The fuel-processing
cycle time which minimized fuel cost was that which corresponded to a
poison fraction (due to fission products) of about 0.08, and so this is the
value used for poison fraction in the results given here. Absorptions in
higher isotopes contributed an additional poison fraction of about 0.03.

2-3.7 Equilibrium results for one-region uranium-plutonium reactors.
The fertile-material concentrations and reactor diameters have essentially
the same effects on conversion ratio and fuel inventory for one-region
uranium-plutonium systems as they do for thorium breeder systems;
however, since the n’s for U235 and Pu®3? are lower than for U#33, it is more
difficult to attain a conversion ratio of unity in U-Pu systems than it is in
U233—Th systems. It is still possible, though, for UO3-Pu02-D20 systems
to operate on natural-uranium feed, as evidenced by the results for two-
region reactors. Minimum fuel costs (based on 7#! = 1.9; a more accurate
value is now believed to be 2.2) for one-region reactors, however, occur
when the uranium feed is slightly enriched in U235 [32]. Table 2-12 gives
results [32] of some nuclear calculations for these one-region systems
operating under equilibrium conditions. The reactor diameter was taken
to be 15 ft; the fuel-processing rate was such as to maintain a poison frac-
tion of 79, in the reactor core. Iuel feed was considered to be obtained
from an isotope-enrichment diffusion plant. The results indicate that the
uranium feed for these reactors would have to contain between 1 and
1.59, U235,

2—4. UNSTEADY-STATE FuEL CONCENTRATIONS AND BREEDING RaATIOS

2-4.1 Two-region reactors. During the period following reactor startup,
there is a buildup of fission-product poisons and higher isotopes with time,
which results in varying nuclear characteristics. This section presents some
calculations relative to the HRE-3 conceptual design for the initial period
of reactor operation.
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TABLE 2-12

REeacTorR CHARACTERISTICS FOR SOME ONE-REGION,
UO3-Pu0O2-D20 ReAcTORS* OPERATING UNDER
EquiLiBrium CONDITIONS

Reactor temperature, °C 250 250 250 300
U cone., g/liter 334 253 170 183
U235 conc., g/liter 2 65 1.47 0.83 1.35
U236 conc., g/liter 0.39 0.22 0.12 0.20
Pu?% conc., g/liter 3.43 1.74 0 84 1.08
Pu240 conc., g/liter 3.39 172 0 83 1.17
Pu?4! conc., g/liter 1.21 0 61 0.30 0.41
Initial enrichment (no Pu),

U235/U (total) 0 0116 0.0106 0.0098 0.0140
Steady-state enrichment,

U235/U (total) 0.0081 0.0059 0.0050 0.0073
Steady-state feed enrichment,

U235/U (total) 0.0153 0.0113 0.0096 0.0136
Fraction of fissions in U235 0.24 025 0.29 0.31
Fraction of U consumed 0.018 0.017 0 015 0.014

*Reactor diameter = 15 ft; poison fraction = 7%,; reactor fuel returned to diffu-
sion plant for re-enrichment; tails from diffusion plant are assumed to have U2%35
content of U235/U = 0.0025; processing losses are neglected.

Computations have been performed for several spherical reactors using
an Oracle code [31] for two-region, time-dependent, thorium breeder
systems. The variation with time of the breeding ratio and the concentra-
tions of U233 U234 235 236 Pa233 and fission-product poisons were
obtained. Calculations were first confined [32] to solution-core reactors
initially containing either U233 or U235 and generating a core power of
50 Mw. Core and blanket Thorex processing was considered only when the
initial fuel was U233, The use of centrifugal separation (hydroclones) for
core-solution processing was assumed in all cases. The time dependence of
the concentrations of xenon, the samarium group of poisons, and the
poisons removable by hydroclone processing were neglected, since the time
required for these poisons to reach near-equilibrium conditions is relatively
short. Account has been taken of their presence by the use of fixed poison
fractions. The effect of copper added for internal gas recombination was
also included in this way. Core diameters of 4 and 5 ft, pressure-vessel
diameters of 8 and 9 ft and thorium blanket concentrations of 500 and
1000 g/liter were considered. IFixed core poisons in terms of percentage of
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core fission cross section were: samarium group, 0.8%; xenon group, 1%;
copper, 0.8%; poisons removable by hydroclones, 19%,. Iixed blanket
poisons were: samarium group, 0.8%,; xenon, 19,. It was assumed that
the core solution was processed both by hydroclones and by the Thorex
process described in Chapter 6; the blanket slurry of thorium oxide in
heavy water was processed by Thorex only, and fuel produced in the
blanket was drawn off from the Thorex plant and returned to the core at a
rate sufficient to maintain criticality.

The system was assumed to start “‘clean,” except for the poisons men-
tioned, with either U233 or U235 in the core. Makeup fuel (same as initial
fuel) was fed as needed while the concentration of fuel in the blanket was
increasing. When the blanket fuel concentration reached a predetermined
level, blanket processing was initiated at the rate which would be required
if the reactor were at equilibrium; however, for the U235-fueled reactors,
calculations were performed only up to the time at which processing
would start. At the start of processing, the fuel feed for the core was
assumed to come from the processed blanket stream. When the core
poison level built up to a predetermined point (8%, for the U233 reactors),
processing of the core solution was started. The processed core-fuel stream
was considered mixed with the processed blanket stream; part of the mix-
ture was used as core feed while the excess was drawn off as excess fuel.
The calculations were continued until most of the concentrations ap-
proached equilibrium values. Time lags due to chemical processing holdups
were neglected. The chemical processing rates employed were those cal-
culated earlier for equilibrium reactors [27].

The curves in Fig. 2-15 show results for some representative U233-fueled
reactors. As shown in Fig. 2-15(a), with 1000 g Th/liter in the blanket
region, the breeding ratio falls steadily for about 900 days until core proc-
essing starts. Although blanket processing, begun at 490 days, arrests the
growth of U233 in the blanket rather suddenly, the slope of the breeding-
ratio curve docs not change markedly because the buildup of core poisons
is controlling the breeding ratio. When core processing interrupts the
growth of core poisons, the breeding ratio levels off sharply. The variation
of relative leakage and poison losses with time and the variation of blanket
power with time are illustrated in Fig. 2-15(b) for the case of a blanket
thorium concentration of 500 g/liter.

In all cases the time required to reach the 8%, core poison level was of
the order of two years. The average breeding ratio during this period was
about 0.02 higher than the equilibrium value. The effect of poisoning due
to buildup of corrosion products is not included in this estimate.

While the above statements concerning breeding ratio are characteristic
of U233-fueled reactors, U235 reactors show quite a different variation of
breeding ratio with time, due to changes in the effective 7 for the system.
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Fia. 2-15. Nuclear characteristics of a 60-Mw (heat) two-region U233 breeder
during initial operating period. Core diameter =4 ft, pressure vessel diameter
=9 ft, 280°C, solution core.

Such reactors have appreciably lower breeding ratios than do U233-fucled
systems. This is primarily due to the relatively low value of %25 compared
to 923 (9%3 = 2.25 while #%5=2.08). As U233 huilds up in the blanket of
a U235fueled reactor, the average value of 9 for the reactor as a whole
increases. This helps compensate for the increase in core poison fraction
and causes the breeding ratio, which initially drops from 1.008 to 1.002
during the first 200 days of operation, to rise again. A maximum of 1.005
in the breeding ratio is reached at about 600 days, after which a slow
decrease follows.

Three types of isotope growth were obtained in this study. First, the
concentration of the main isotope, U233 or U235 remained relatively con-
stant despite sizeable changes in other concentrations. Second, the pro-
tactinium concentration-time curve was found to “knee-over” even before
processing started. This behavior was due to the radioactive decay rate
being several times larger than the chemical processing rates employed.
Third, the concentration of the heavier isotopes of uranium built up slowly
with time for the assumed power level; even after 10 years’ operation their
concentrations were much less than the equilibrium values. The total core
concentration of uranium was thus significantly less than the equilibrium
value. The isotope concentrations after various operating times are shown
in Table 2-13, along with equilibrium values.
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TaBLE 2-13

CorE CONCENTRATION OF URANIUM ISOTOPES
As A FuncrioN oF TiME For A U233-FueLep REACTOR
AND FOR A U235_-FueLep REACTOR

(Core diameter =4 ft; pressure-vessel diameter=9 ft; ThO2 concentration in
blanket = 1000 g/liter; solution core, total power = 60 Mw of heat)

Time, days U233 U234 U235 U236 U total

Concentrations of isotopes for U233 fuel, g/liter

0 3.75 — — — 375

200 3.77 0.33 0.02. — 4.12

500 3.74 0.74 0.07 0.01 4.56

920 3 91 129 014 0 04 5.38

2000 3.98 2.06 0.26 0.18 6.48

3000 4.02 2.40 0 31 0 34 7.07

Equilibrium 4.02 2.74 0.37 1.57 8.07
Concentrations of isotopes for U235 fuel, g/liter

0 — — 4.21 — 4.21

200 — — 419 0 57 4.76

500 — — 4.12 1.43 5 55

900 — — 4.03 2.54 6.57

While chemical processing sharply discontinues the growth of U233 in
the blanket, the power level in the blanket may markedly overshoot the
equilibrium level, as shown in Fig. 2-15(b). An overshoot is obtained when
the blanket-U?233 concentration reaches its maximum value before core
processing starts. Table 2-14 shows the peak values of blanket power
computed for the reactors studied, along with the equilibrium values.

Results similar to those given above have also been obtained [33] for
two-region breeders having various concentrations of thorium in the core.
The core diameter was set at 4 ft, the pressure-vessel diameter at 9 ft, and
the blanket thorium concentration at 1000 g Th/liter. The core thorium
concentrations studied were 100, 150, and 200 g Th/liter. As before, the
moderator was heavy water in both core and blanket volumes, and both
regions operated at a mean temperature of 280°C; the Zircaloy—2 core tank
was 0.33 in. thick. Calculations were performed at a constant total power
of 60 thermal Mw. The same chemical processing conditions were assumed
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Fic. 2-16. Variation with time of U233, U234 and Pa?33 in the core, U233 and
Pa233 in the blanket, breeding ratio, and core and blanket poison fractions as func-
tions of time for a two-region 60-Mw thorium breeder reactor. Core thorium con-
centration = 150 g Th/liter, blanket thorium concentration = 1000 g Th/liter,
temperature = 280°C.
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as before, with the important exception that no hydroclone processing was
employed for the slurry-core cases.

Results given in Iig. 2-16 are for a core thorium concentration of
150 g Th/liter and are typical of all cases studied in their important features.
As with solution-core reactors, there is a small but relatively rapid initial
drop in breeding ratio during the first 100 days following reactor startup.
This is due to the neutron captures in protactinium as its concentration
rises and approaches equilibrium conditions. The buildup of protactinium
is quite similar to the behavior seen in the solution-core cases. KEqui-
librium protactinium levels are reached in both core and blanket long
before chemical processing is started. This period is followed by a more
or less linear fall in breeding ratio with time, due to core poison-fraction
buildup. Initiation of blanket processing produces a relatively minor
change in slope of the breeding ratio-time curve, in contrast to the sharp
break caused by the start of core processing. Linear buildups with time
of the poison fractions and the higher isotopes are also observed, with
U234 in the core being the most important higher isotope. Other isotope
concentrations are comparatively low even at 1500 days.

Figure 2-17 lists some results for the various cases considered (except
for the case already considered in Fig. 2-16). Comparison of the results
shows that the time at which core processing is initiated increases with
increasing core thorium concentration (except for the solution-core case);
this is due to the higher U233 critical concentration associated with higher
thorium concentration, resulting in a longer period to build up to a specified
core poison fraction. For the solution-core case, hydroclone processing was
assumed, so that 759, of the poisons were removed by means other than
by Thorex processing of the core (the time specified for core processing to
begin in Fig. 2-17 corresponds to the initiation of Thorex processing).
It is interesting to note that with slurry cores, despite the absence of hydro-
clone separation, the core poison fraction still takes two or more years to
reach a 79, level.

In these calculations there was no allowance for the poisoning effect of
accumulated corrosion products. Absence of hydroclone processing would
result in retention of all corrosion products in the core system, and for
the same corrosion rate the cross section of corrosion products is about
four times as great as in a solution-core system using hydroclones. How-
ever, the higher critical concentrations in slurry-core systems compensate
for this, and the poison fraction in the core with 200 g Th/liter could be
about the same as in a solution-core reactor.

The critical concentration of U233 in the core displays a small but steady
rise; this contrasts with solution-core reactors, where the critical core
concentration is found to be strikingly constant. Solution-core reactors,
because of their longer thermal diffusion length, are more sensitive to the
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Fia. 2-17. Comparison of breeding ratios and U233 core concentrations for two-
region breeder reactors with various core-thorium concentrations. Core diameter
=4 ft, reactor diameter=9 ft, 280°C, blanket thorium concentration = 1000
g/liter, blanket processing started when U233 blanket concentration reached
3 g/liter, core processing started when core poison fraction reached 7%, (89, for
solution-core case).

growth of fuel in the blanket than slurry-core machines. The latter have
less thermal leakage from core to blanket, and core-poison and higher-
isotope growth are less well compensated by the rise of fuel level in the
blanket.

2-4.2 One-region reactors. The critical equation for one-region reactors
is not so involved as that for two-region systems, and so the mathematical
system analogous to the one used above for two-region systems is com-
paratively simple. However, relatively few nuclear results for one-region,
time-dependent systems have been obtained specifically. Some results
are given in Reference [29] for a 15-ft-diameter reactor containing 200 g of
uranium per liter and operating at a constant power of 1350 Mw (heat)
at 250°C. Concentrations of U235 Pu?39 Pu?40 and Pu2?4!) and the fraction
of fissions due to U235 were obtained as functions of time.
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Under certain conditions the mathematical system involving nuclide
concentrations, criticality, and fuel processing can be solved analytically
[34]; the solutions obtained have been used to calculate fuel costs directly,
but they could also be used to calculate breeding ratio and critical fuel
concentrations explicitly.

2-5. SAFETY AND STABILITY OF HOMOGENEOUS REACTORS
FoLrowing REACTIVITY ADDITIONS

Reactor kinetic studies are usually broken down into investigations of
reactor safcty and reactor stability. Both safety and stability are deter-
mined by the generalized equations of motion involved. The two categories
are considered, however, because the time scales in safety studies are
usually much shorter than those involved in stability studies; hence, the
generalized equations of motion can be simplified in accordance with the
specified study. As used here, safety refers to the events which happen as
a result of the initial power excursion following a reactivity addition;
stability rofers to the events which occur as a result of subsequent power
surges. By these definitions, it is possible that a reactor can safely with-
stand the first power surge following a reactivity addition, but still not
be stable; under these conditions, the reactor would be safe with respect
to the first power surge but would not be safe to subsequent power surges.
On the other hand, a reactor system can be stable and still not be safe;
i.e., permissible changes in reactor variables can be exceeded as a result
of the first power surge, even though the system would have reached a new
equilibrium condition had it been able to withstand the first power surge.

The majority of work on the kinetics of homogeneous reactors has con-
cerned circulating, pressurized-type systems, and the discussion below
pertains primarily to those systems. There has been relatively little effort
devoted to boiling homogeneous reactors; for these reactors the control
and safety problems may be more difficult than for the nonboiling reactors
[35]. In boiling systems, the most important parameters are those asso-
ciated with vapor formation and bubble growth, vapor removal from the
system, and the control system. With regard to control, boiling reactors
have the disadvantage of producing more power when less power is de-
manded unless a control system is used in which an increase in reactor
pressure leads to ejection of fuel from the core region. Alternatively, power-
demand control can be obtained by permitting the boiling process to
generate only a fraction of the total reactor power, the remainder being
removed by fuel fluid which is circulated through a heat exchanger.

2-5.1 Homogeneous reactor safety. The nuclear safety of homogeneous
reactors will be a function of the maximum permissible reactivity addition
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and the possible reactivity additions. Despite the inherent safety associated
with a large negative temperature coefficient of reactivity, it cannot be
stated a priori that homogeneous reactors will be safe under all operating
conditions. The limiting feature with respect to reactivity addition is the
permissible pressure rise within the reactor system. This is usually either
the maximum permissible core pressure rise (two-region reactor) or the
maximum permissible pressure rise within the pressure vessel (one-region
reactor).

With a given limit on the maximum permissible pressure rise, it is possi-
ble to specify the maximum permissible reactivity addition which can be
added to the reactor. Reactor operations can then be restricted by design,
so that reactivity additions associated with physical events will not exceed
the maximum permissible reactivity addition.

The potential reactivity available in homogeneous systems is inherently
large, because a high operating temperature is coupled with a high negative
temperature coefficient of reactivity. However, all reactivity additions in-
volve a time element. Since it appears desirable to allow continuity of
physical operations, the safety design criteria should be applicable to con-
tinuous, linear rates of reactivity addition. Specifically, the maximum
permissible linear rate of reactivity addition should specify what restrictions
are necessary on the physical system so that this rate is not exceeded.

Equations of motion. The neutron density is the fundamental variable
in homogeneous reactor safety and is influenced primarily by the tempera-
ture and density of the moderator and by the operational changes which
effect a reactivity change. So long as the reactor is not far above prompt
critical, the neutron density is given by the conventional equations of
motion. These may also be used when larger reactivity additions are
considered, if the prompt-neutron lifetime is assumed to bhe that associated
with the region in which the neutron density is rising most rapidly with
time. Under this condition, the over-all rate of increase in neutron density
is overestimated, so that a safety factor will exist in reactor designs based
upon these equations.

Reactivity additions which involve homogeneous reactor safety are
considerably in excess of that required for prompt criticality, and for these
cases the reactor power reaches a maximum value in times of the order of
tenths of seconds. Such time intervals are short compared with the average
half-life of the delayed-neutron precursors, and so only a small fraction
of the precursors formed during the power rise decay during that time in-
terval. The delayed neutrons from these precursors therefore contribute
little to the reactor power while the power is rising; rather, they are formed
following the time of peak power and exert a powerful damping influence
on the power oscillation, leading to a single, damped power surge. For
these safety calculations, the delayed-neutron density can be considered
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constant, and so the neutron-density equations can be combined into one
equation. In terms of reactor power, this equation is

@__:[ke(l—ﬂ)—l

B 3
iz l ]P +8p, (2-21)

where k., = effective multiplication constant,
P = reactor power,
Py = P evaluated under initial conditions,

t = time,
B = effective fraction of fission neutrons which are delayed,
I = average lifetime of prompt neutrons.

The appropriate value for 8 is determined on the basis of the time spent
inside and outside the reactor core vessel by a fluid particle.

To complete the mathematical system, the relation between k, and P
is required, which requires intermediate relations. For aqueous systems
operating above 200°C, k. is influenced primarily by fluid-density effects,
insofar as inherent reactivity changes are concerned. Since reactivity can
also be added by physical operations, k. can be considered to be given by

= 1+A+bz+%’§ (o — po), (2-22)

where b = linear rate of reactivity addition to reactor, Ak./sec,

~

%% = density coefficient of reactivity,

A = instantaneous reactivity addition,
p — po = deviation of the average density of fuel fluid from its in-
itial value.

The core fluid density is determined from the hydrodynamic equations
of continuity and motion, in conjunction with the equation of state for
the fluid. In most studies to date, a one-dimensional flow model is as-
sumed, gas effects are neglected, the core tank is considered to be rigid,
and the core inlet fluid velocity is considered to be constant. The equation
for the change in fluid density is then

dp__ A
Et_ - Vc PO(U UO); (2 23)
where A = cross-sectional area of relief pipe,
V. = volume of core region,
U — Uo = deviation of the fluid velocity in core-relief piping from
its initial value.
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Assuming that the resistance to fluid flow between the core and pres-
surizer is proportional to the square of the average fluid velocity, and that
the fluid is incompressible, the one-dimensional hydrodynamic equation
of motion is given by

[”"A Ad(i)] G (U= U =p.—p,— 3% U) (2-24)
where n, = resistance coefficient associated with velocity U,
A(z) = cross-sectional area of relief pipe,
g. = dimensional constant,
P. = core pressure,
Pp = pressurizer pressure,
U = average velocity of fluid in relief piping of cross-sectional
area A,
L = length of relief piping from core to pressurizer.

Use of the absolute value of U in Eq. (2-24) ensures that fluid friction
will always oppose fluid flow.

The relation between pressure, temperature, and density of the fluid is
given by the equation of state:

p= j”[cr To)( ;) +p— Po]’ (2-25)

where P = pressure rise in core,
T — Ty = deviation of the average core-fluid temperature from its
initial value.

Relations are still needed between T and P and between p, and p.
Assuming isentropic compression within the pressurizer, p, is approxi-
mated by

—_ Vc
P °p0 P 7= (2-26)
D

Pp — Po = NPpo

where V » = volume of pressurizing fluid,
Pp — Po = deviation of the pressurizer pressure from its initial value,
n = ratio of heat capacity at constant pressure to heat capac-
ity at constant volume for pressurizing fluid.

The relation between T and P is obtained from an energy rate balance on
the core fluid. Since the rate of energy transport associated with fluid
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flow and thermal diffusion is small during times of interest, the energy
rate balance is approximated by

5.4 =P~ Py, (2-27)
where S, = volume heat capacity of the core fluid.

The mathematical system is now complete, and consists of Eqs. (2-21)
through (2-27). Since an analytic solution to the above system has not
been obtained, numerical integration of the above equations is necessary
in general.

Calculation of reactor pressure rise. The variable of interest is the maxi-
mum value of core pressure for a given set of parameter values. Although
not exact, an analytic expression for the maximum pressure rise, Pmax, can
be derived [36] for the case of an instantaneous reactivity addition. This
is given by

Pmax = 2m2ﬁ [0 385m + 'Y/(l + )] + C—2‘m (2—28)
—PonVe @)
where Ce= oo 7, <dp ’

measure of effect of pressurizer volume upon core pressure rise, dimen-
sionless,

F =1+ %[Cz + et mym ‘:%m)”‘].

3
I

A — B = instantaneous prompt reactivity addition divided
l by [, sec™?,

Pmax = Maximum pressure rise, Ib-force/ft2,

n;Ug normalized friction coefficient in core relief line,

Vs =A L dr ' sec”l,
o A(x)

(dp)(dlc.,) normalized conversion factor between net core

Y2 = op density change and core pressure rise, ft2/sec-1b
force,

vz = (ak)-sec \ w = gc(dp/dp) » sec™2,

Vl op v f

A(x)

Results obtained from Eq. (2-28) have compared favorably with numerical
integration of Eqgs. (2-21) through (2-27) [36].
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Although Eq. (2-28) is based on an instantaneous reactivity addition,
it can be applied to rate additions of reactivity in certain circumstances.
For rate additions normally encountered in homogeneous systems, it ap-
pears that the most dangerous amounts of reactivity can be added when
the initial reactor power is low. In these circumstances, reactivity is added
during an interval which is much greater than the time interval in which
the reactivity is decreased as a result of fluid density changes. A simplified
mathematical model can then be used [36] to relate a linear rate of re-
activity addition, b, to its equivalent instantaneous reactivity addition,
Akeq. This relationship is given by the following equation:

E / 2wn

where w2, = wiry, sec”2,

1/ ok,
2 — - , soe—2
“n l< a'f)s see %

Tp. = reactor power at prompt critical relative to initial power
level,

_Akq—B

me = I » sec” 1,

Akeq = equivalent instantaneous Ak, associated with rate of reac-
tivity addition,

& =b/l, sec2

The value for x,, is obtained from the equation

Tpe = e-Mi/2t + \/1|- M, ). (2-30)

e (Vi
where M, = I—T—k"—(lg)—i——ﬁ.

k.(0) = initial value of #..
Equations (2-29) and (2-30) are plotted in Figs. 2-18 and 2-19 and give

the particular combinations of initial power level and rate of reactivity
addition corresponding to a given equivalent prompt reactivity addition.
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Fig. 2-18. Relation between equivalent prompt reactivity and rate of reactivity
addition. Akeqp = equivalent prompt reactivity, ! = mean lifetime of prompt neu-
trons, b= rate of reactivity addition, wlfp = modified nuclear frequency.

1000 T TTTOT T T T T T 1T T 11

13

I TTTI

)

My
N
|

“

100

M
=
TTTTI

)\
I
IR

s
2%

Mz
xpc=exp | —
IR

IEEI

I
]

T I AN R i

0.1 10 100 1000
M,

[2

v

Fia. 2-19. Neutron power at prompt critical relative to initial power for differ-
ent rates of reactivity addition.




74 ONE- AND TWO-REGION HOMOGENEOUS REACTORS [cHAP. 2

Having determined the equivalent prompt reactivity addition, the
maximum pressure rise can be calculated by using Eq. (2-28) with m
replaced by m,. To check the validity of the derived relations, values of
Pmax Obtained analytically were compared [36] with those obtained by
numerical integration of Eqs. (2-21) through (2-27). The results obtained
by numerical integration were used to establish the relationship between
rate of reactivity addition and equivalent instantaneous reactivity addition
on the basis of equal pressure rise. Thus, for a given rate of reactivity
addition and initial reactor power level, a particular maximum pressure
was obtained. The amount of prompt reactivity added instantaneously
which gave the same maximum pressure was termed the equivalent prompt
reactivity addition corresponding to a given rate addition and initial
power level. For a given rate of reactivity addition, good agreement was
obtained between the equivalent prompt reactivity addition obtained by
numerical integration and that obtained by use of Eqs. (2-29) and (2-30).

Reactivity additions. Homogeneous reactors usually have relatively
large, negative temperature coefficients of reactivity. A high negative
value for the temperature coefficient is usually associated with a high degree
of reactor safety; however, this is true only if reactivity is introduced by
means other than the temperature coefficient itself. If reactivity is added
by adding cold fuel to the reactor core, e.g., by means of a heat-exchanger
accident, then the smaller the value of the temperature coefficient the
smaller the reactivity addition. From this viewpoint, a small temperature
coefficient is desirable if the most hazardous reactivity addition occurs as a
result of introduction of cold fluid into the reactor. On the other hand, a
large negative temperature coefficient is desirable to compensate for
reactivity added by means other than that associated with decreasing the
core fluid temperature.

Reactivity changes can also occur as a result of changes in fuel con-
centration or distribution. In slurry reactors, large changes in reactivity
can result from settling of the fertile material. The results [37] of two-
group, two-dimensional, two-region calculations are shown in Table 2-15
for a cylindrical reactor containing highly enriched UO2SO4 in a 5-ft-
diameter core region, and ThOz in a 2i-ft-thick blanket region. The aver-
age temperature was assumed to be 280°C, and the height was assumed to
be equal to the diameter for both core and pressure vessel.

Although the calculated reactivity additions associated with slurry
settling were quite large, such additions would not occur instantaneously;
rather, they would be a function of time, the rate of reactivity addition
being controlled by the rate at which the slurry settled. Settling data for
slurries containing 1000 or 500 g Th/liter correspond to rates of reactivity
addition of less than 0.029), Ak./sec. These rates are well within permissible
rates of reactivity addition; however, if settling took place over a period
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TABLE 2-15
REeAcTIviITY CHANGE A8 A FUNCTION OF SLURRY SETTLING
Initial thorium concentration Percentagg of Calculated reactivity

in blanket. g/lit reactor height change,
in blanket, g/liter slurry has settled % Ak,

1000 30 +2.8

1000 50 10.2

500 30 2.1

500 50 8.7

100

098

12 ft

200g Th/liter
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Fia. 2-20. Effect of settling on critical mass requirements in one-region reactors.

of time, the reactor temperature and pressure would eventually reach the
point where the fuel system would have to be diluted or dumped.

Settling of fuel and fertile material in large single-region reactors may
cause the reactor to become subcritical. The results [38] of two-group
calculations for D2O-ThO2-U23303 reactors 10 and 12 ft in diameter and
containing 200 and 300 g Th/liter are given in Fig. 2-20. Cylindrical
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geometry was assumed, with height/diameter ratio equal to one; the slurry
was assumed to be homogeneously distributed in the bottom portion of the
reactor, with a D20 reflector on top. In Fig. 2-20 the amount of fuel
required for criticality (after settling) is compared with the amount of fuel
initially required (before settling). Based on these two-group results,
it appears that large one-region reactors become subcritical following
slurry settling.

In the previous analytical presentation, the effect of decomposition
gases upon reactor safety has been tacitly neglected. However, the genera-
tion of hydrogen and oxygen from the decomposition of water represents a
possible explosion hazard. If the fuel contains no catalyst for recombina-
tion, gas bubbles will form and contain an explosive mixture of hydrogen,
oxygen, and water vapor. Explosions might occur in the core, gas separator,
recombiner system, or connecting piping. If an explosion occurs outside
the reactor core, reactivity can be added to the reactor, resulting in an
undesirably high power surge. Under these conditions, not only must the
gas explosion be considered but also the possible reactivity addition asso-
ciated with the explosion. If the gas explosion occurs in the core, however,
no reactivity addition should be involved, and only the pressure associated
with the explosion need be considered. If no explosion occurs, the presence
of gases will still influence the compressibility of the fuel fluid, and this
effect can be considered in the evaluation of fluid compressibility. Neglect
of gas formation in evaluating reactor safety is justified if complete recom-
bination of the decomposed gases is achieved within the reactor, or if the
reactor is initially operating at a power so low that decomposition gases
are not formed (corresponding to absorption of the decomposition gases by
the fuel solution). If the reactor is at low power and reactivity is added to
the system, then neglect of gas formation is conservative with respect to
safety evaluation, since in this case the formation of gases helps in de-
creasing the reactivity of the system. If the initial power is so high that
undissolved gases are initially present within the core region, then the
effect of these gases must be considered in evaluating fluid compressibility.
The presence of undissolved gases would tend to lower the permissible
reactivity addition; however, an increase in gas volume would imply an
increase in initial reactor power, which aids reactor safety if reactivity can
be added as a rate function only.

The number of fission neutrons which are delayed usually is considered
as an important factor in reactor safety. IHowever, if reactivity is added
as a linear rate function at low initial reactor power, the delayed neutrons
have little influence upon the reactivity addition above prompt critical.
They will influence the stability and steady-state operational behavior of
the reactor, though, and are necessary to damp the power oscillation follow-
ing a reactivity addition.
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Reactor safety also involves events which are not directly associated
with reactivity additions; e.g., if the circulating pump failed or if there
were sudden cessation of heat removal in the heat exchanger, after-heat
effects may raise the temperature (and pressure) of the system to unde-
sirably high values. The possibility of an instantaneous rupture of a high
pressure steam line, however, is remote, based on experience in conven-
tional plants.*

2-5.2 Homogeneous reactor stability. The purpose of stability studies
is to determine whether the reactor power will return to a stable equilibrium
condition following a system disturbance. Although inherently connected
with safety, stability studies usually treat small reactivity additions and
concern time intervals long in comparison with those involved in safety
studies. The general stability problem can be broken into simpler problems
by eliminating those parts of the physical system which have only a small
influence upon the time behavior of the variable of interest.

The most familiar of stability studies concerns the reactor core-pressurizer
system, and will be referred to as ‘“‘nuclear stability’’ studies. These
consider the high-pressure system alone and assume that the power demand
is constant. This is a valid assumption, since changes in power demand
and changes in variables resulting from fluid flowing between the low- and
high-pressure systems initiate only low-frequency nuclear power oscilla-
tions in comparison with those sustained by the pressurizer-core system.

Reactor instabilities can also arise due to interactions between the
reactor primary system, heat-removal system, and fuel-storage system.
These are associated with the method of reactor operation, and are
discussed under the heading of Operational Stability.

Under certain conditions it may be desirable to operate reactors with
fission gases retained within the system; in these circumstances the buildup
of Xe!35 during periods of low-power operation may influence subsequent
reactor operation. Although no stability problem is involved, a long time
scale is associated with controlling the reactor in these circumstances.
Reactivity effects and required fuel-concentration changes associated with
Xe!35 buildup and burnup are discussed below under the appropriate
heading.

Nuclear stability. In studying nuclear stability, the equations of motion
for a single-region reactor system are normally used. These should be
adequate if the reactor behavior is controlled by a single region; however,
it should be remembered that the mean lifetime of prompt neutrons should
be that for the reactor as a whole. The general mathematical system is too
complicated to handle analytically, so that it is necessary either to resort

*Conversations with utility people indicate there is no accident on record in
which the high-pressure steam line failed instantly.
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to numerical integration of specific cases or to linearize the equations so
that they can be treated analytically. The linearized approach is valid for
very small power oscillations; since the nonlinear effects appear to intro-
duce damping of the power surges, the reactor system should be stable if
the stability criteria for the linearized equations are satisfied. Not meeting
the linearized stability criteria may not necessarily result in the buildup
of pressure oscillations to proportions where reactor safety is concerned;
satisfying the criteria should aid in eliminating the small pressure surges
which may physically weaken the system if they occur in a repetitive
manner.

The conventional equations of motion given in Iigs. (2-21) through
(2-27) are used, except that the delayed-neutron precursors are assumed
to decay in accordance with a single effective decay constant, and fluid-
flow effects are considered in which the average fuel-fluid temperature is
the linear average of the core inlet and outlet temperatures. Heat-
exchanger behavior will also affect the temperature of the fuel fluid and
is to be considered. The resulting linearized equations [36] lead to an
equation defining the criteria for stability of the reactor system. If only
the reactor core and pressurizer system are considered, corresponding to a
relatively large residence time for fluid in the core, the stability criteria
reduces to

Vs g[wﬁ(l + C2) + g<w + g)] > (’Yf + g)zl_fic“z >0 (23D

Since all quantities are positive, the last inequality is always satisfied.
By replacing the other inequality with an equal sign and fixing all param-
eters but one, the value of the remaining parameter (which barely fails to
satisfy the inequality) can be obtained. By this procedure, the results
given in Fig. 2-21 were obtained for a specific value of ;. Stable operating
conditions are those lying above the appropriate curve.

The above treatment neglects any effects that fluid transport and heat-
exchanger behavior might have upon the temperature of the fluid entering
the reactor. Results of studies [36] in which these effects were considered
indicate that the resulting stability criteria are less stringent than those
for systems in which fluid transport and heat-exchanger behavior are
neglected. On this basis, the results given in 1'ig. 2-21 form reasonable
bases for safe design. )

A one-region reactor will operate at a power density lower than that at
which the corresponding two-region reactor is operated, if the physical
size of the one-region reactor is large. Based on the stability criteria given
in Fig. 2-21, about the same degree of stability will result if the product of
w? w? remains constant in going from a one- to a two-region reactor. On
the basis of fuel-cost studies, the optimum two-region and one-region
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Fic. 2-21. Stability criteria for homogeneous circulating reactors. <y = normal-
ized friction coefficient = 0.5.

reactors do have w? w? which are roughly equal, with the one-region
reactor being somewhat more stable. However, there appears to be no
distinct advantage of one type over the other as regards nuclear stability,
since both normally will operate well within the stable region.

Operational Stability. Other types of stability which might be considered
concern the response of the reactor to changes in load demand and to
changes in rates of flow between the low- and high-pressure systems. These
usually involve power oscillations whose frequencies are much lower than
those sustained by the core-pressurizer system. In these circumstances the
general cquations of motion can be simplified; however, load-demand
studies will concern the particular characteristics of the heat exchanger
under consideration.

Changes in fluid flow rates between the high- and low-pressure systems
in reactors can also influence reactor stability. During eperation of the
HRI-1, it was noticed that under certain conditions the temperature and
power of the reactor would rise with time. This effect was termed the
“walkaway’’ phenomenon [39]. It was associated with a slow rate of
reactivity addition produced by an increase in core fuel concentration,
leading to an increase in operating power and temperature. This increase
in fuel concentration resulted when water was removed from the core
(as a result of decomposition-gas formation and accompanying vaporization
of water) at a faster rate than it was returned from the low-pressure system.
This process continued until it was stopped by the operator.
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The above type of phenomenon is a function of fuel flow rates between
the low- and high-pressure system and can therefore be controlled. Using
the applicable lincarized equations of motion, the criteria for stability
toward walkaway can be obtained. This has been done for the HRE-2
[40]. Design parameters such as operating conditions, fluid-flow rates,
vessel volumes, recombination rate of decomposition gases, and other
conditions will influence the degree of stability. Walkaway will not occur
if decomposition gases are not formed. If gas is formed, a paramount
cause of instability is insufficient overpressure. Increasing the fuel feed-
pump rate or the ratio of solution volume in the high-pressure system to
that in the low-pressure system, or decreasing the reactor temperature or
power will tend to increase reactor stability against walkaway. Walkaway
can also be prevented by automatic control devices which influence the
behavior of the heat exchanger. Walkaway conditions can be instigated
by reducing overpressure or by increasing the rate of gas formation.

Effect of Xe'35 upon reactor behavior. If reactors are operated with com-
plete recombination of the decomposition gases and no letdown from the
high-pressure system, there will be virtually complete retention of the
fission fragments and the fission-product gases within the reactor system.
Under such conditions, partial or total reactor shutdown will lead to an
increase in Xe'35 concentration, which might, in turn, lead to difficulties
in maintaining criticality or reaching criticality upon subsequent power
demand. To investigate the above effect, calculations were performed
[41] for a 4-ft-diameter spherical reactor operating at 280°C, containing
U233 heavy water, 1'35 and Xe!35, and operating at initial fluxes of 10'3 to
10'5 neutrons/(cm?2)(sec). Ior these cases the reactor power was reduced
either to zero or to one-tenth the initial value, and the fuel concentration
required for criticality was obtained for times following the power reduc-
tion. At the time that the xenon concentration reached a maximum value,
the power was returned to its original level, and at this point the maximum
rate of reactivity addition associated with xenon burnout was obtained.
The rate of change in fuel concentration required to maintain criticality
at this point was also obtained. In addition, the time required for the xenon
concentration to reach a minimum value following return to power was
evaluated. The maximum change in xenon concentration was used to
estimate the total reactivity addition associated with xenon buildup and
was interpreted in terms of fluid temperature changes required to maintain
criticality if the fuel concentration were maintained constant. Table 2-16
summarizes the results obtained and, for comparison purposes, also includes
results for a reactor of infinite diameter. As shown in Table 2-16, the
maximum rate of reactivity addition associated with xenon burnout was
less than 10~3 Ak./sec, which does not appear to constitute a dangerous
rate. However, at an operating flux of 10! the increase in fuel concentra-
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tion or the decrease in temperature required to maintain criticality following
partial or total shutdown is so large that provisions should be made for
elimination of xenon by external means. At 10'* average flux it appears
that xenon poisoning may be compensated by decreasing the reactor
temperature.
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CHAPTER 3
PROPERTIES OF AQUEOUS FUEL SOLUTIONS*

3-1. INTRODUCTION

The chemical and physical properties of aqueous fuel solutions are
important because they affect the design, construction, operation, and
safety of homogeneous reactors in which they are used. This chapter will
discuss primarily those chemical and physical properties, except corrosion,
which are important for reactor design and operation. Special attention
will be given to the properties of solutions of uranyl sulfate, since such
solutions have been the most extensively studied, and at present appear
the most attractive for ultimate usefulness in homogeneous reactors.

Solubility relationships are discussed first, with data for uranyl sulfate
followed by information concerning other fissile and fertile materials.
The effects of radiation on water, the decomposition of water by fission
fragments, the recombination of radiolytic hydrogen-oxygen gas, the de-
composition of peroxide in reactor solutions, and the effects of radiation
on nitrate solutes are then presented. Finally, tables of relevant physical
properties are given for light and heavy water, for uranyl sulfate solutions,
for other solutions of potential reactor interest, and for the hydrogen-
oxygen-steam mixtures which occur as vapor phases in contact with reactor
solutions,

3-2. SoLuBILITY RELATIONSHIPS OF FISSILE AND FERTILE MATERIALST

3-2.1 General. For the most part, studies of aqueous solutions of fissile
materials for use in homogencous reactors have dealt with hexavalent
uranium salts of the strong mineral acids. Hexavalent uranium in aqueous
solutions appears as the divalent uranyl ion, UO2**. Tetravalent uranium
salts in aqueous solutions are relatively unstable, being oxidized to the
hexavalent condition in the presence of air. Other valence states of uranium
either disproportionate or form very insoluble compounds and have not
been seriously proposed as fuel solutes.

Uranyl salts are generally very soluble in water at relatively low tem-
peratures (below 200°C). At higher temperatures, miscibility gaps appear
in the system. These are manifested by the appearance of a basic salt solid

*By H. F. McDuffie, Oak Ridge National Laboratory.
{Taken from material prepared by C. H. Secoy for the revised AEC Reactor
Handbook.
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phase from dilute solutions and by the appearance of a uranium-rich
second liquid phase from more concentrated solutions. In both the salt
and the second liquid phase, the uranium-to-sulfate ratio is found to be
greater than in the system at lower temperature; this suggests that hy-
drolysis of the uranyl ion is responsible for the immiscibility in each
instance. Hydrolysis can be repressed effectively by increasing the acid-
ity of the solution or, alternatively, by the addition of a suitable complexing
agent for the uranyl ion. Even the anions of the solute itself may be con-
sidered to accomplish this to some decgree, since very dilute solutions
hydrolyze much more extensively than more concentrated solutions.

Primary emphasis has been placed on the study of uranyl sulfate solutions
because of the superiority of the sulfate over other anions with respect to
thermal and radiation stability, absorption cross section for neutrons,
ease of chemical processing, and corrosive properties. Other uranyl salts
which have either been used in reactors or studied for possible use include
the nitrate, phosphate, fluoride, chromate, and carbonate. It has been
found possible to improve the solubility characteristies of uranyl salt
solutions at elevated temperatures by the addition of acids or salts of the
chosen anion.

The marked differences between light water and heavy water with re-
spect to moderating ability and thermal neutron absorption cross section
make solutions in both solvents of interest for reactor use. Generally
speaking, the upper temperature limit of solution stability occurs about
10°C lower in heavy-water solutions than in light-water solutions.

Tetravalent uranium can be stabilized by increasing the reduction po-
tential of the solution. However, tetravalent uranium is more readily
hydrolyzed at elevated temperatures than hexavalent uranium, and it
probably cannot be kept in solution except by the use of otherwise ex-
cessively high coneentrations of acid.

Plutonium, the other fissile material, also forms salts which can be dis-
solved in water. The possibility of using such solutions in aqueous homo-
geneous reactor systems has been examined, and limited experimental
studies have been directed toward this goal but without substantial suc-
cess (see Article 6-6.3).

Uranium-238 and thorium, the fertile materials, have been considered
for use in converter or breeder reactor systems. The solubility of uranium
is such that satisfactory aqueous solutions of uranium can be obtained for
use in the conversion of U238 to plutonium. Substantial efforts have been
made to develop solutions of thorium which could be used as a blanket in
a two-region breeder reactor system.

Thorium appears to be stable in the tetravalent form but has a strong
tendency toward hydrolysis at elevated temperatures. Insoluble thorium
dioxide is ultimately formed as the hydrolysis product. Thorium nitrate
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Fia. 3-1. Phase diagram for the system UO02S04-H20.

and thorium phosphate can be maintained in solution at satisfactory con-
centrations by the use of substantial concentrations of nitric or phosphoric
acids to inhibit hydrolysis. However, in the nitrate system an acceptable
breeding ratio could only be obtained by using N'5. Thorium phosphate
solutions containing the necessary amount of phosphoric acid are extremely
corrosive to all but the noble metals.

Neptunium and protactinium complete the listing of fissile and fertile
materials, since these are intermediates in the production of plutonium and
U233 from U238 and thorium. Limited exploratory studies of their solu-
bilities have been carried out primarily in connection with the development
of processes for their continuous removal from blanket systems.

3-2.2 Uranyl sulfate. The solubility of uranyl sulfate in water and the
characteristics of the phase relationships at elevated temperatures, dis-
played in the form of a binary system, UO2S04~H20, are shown in
Fig. 3-1 [1]. It is necessary, however, to study the ternary system,
U03-803-H20, in order to understand the hydrolytic precipitation of the
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F16. 3-2. The system UQ3-S03-H20.

basic solid phase, 8~UQ3 - H20, which occurs in very dilute solutions at
elevated temperatures, and the position of the tie lines in the liquid-liquid
miscibility gap. Figure 3-2 shows portions of the ternary isotherms at
25, 100, 175, and 250°C [2,3]. A point of special significance in these dia-
grams is that the solubility of UOs in uranyl sulfate solutions decreases
with increasing temperature to the extent that at 250°C excess acid is re-
quired to maintain homogeneity in solutions of low concentration. Excess
acid also has a marked effect on the liquid-liquid miscibility gap, as shown
by the curves in Fig. 3-3 [4]. In very dilute solutions the surface formed
by these curves intersects the surface representing the liquid compositions in
equilibrium with the hydrolytically precipitated solid phase, 8~UO3 - H20.
Figure 3—4 shows this intersection and three paths on the liquidus surface
at fixed SO3/UO3 mole ratios [5].

Figure 3-5 shows, from the data of Jones and Marshall [6], how the
two-liquid-phase separation temperature is lowered when the solvent is
changed from light water to heavy water. Scattered experiments suggest
that the temperatures for solid-phase separation through hydrolytic pre-
cipitation are also somewhat lower in heavy-water systems than in systems
containing light water as the solvent. '



3-2] SOLUBILITY RELATIONSHIPS (FISSILE AND FERTILE) 89

450 T

One Phase | © " One Phase
at 525°C at 530°C

425 — —

SO4 _

375 |- ]
S04 _ | 883
U

Temperature, °C

350
$04 _ | 428
U

325 —

SO4

— = 1121
U

300 [— —

$&1= 1000
U

s 1 1 | |
0 5 10 15 20 25

Uranium, wt %

Fi1a. 3-3. Coexistence curves for two liquid phases in the system
U02804-H2504-H20.

Figure 3-6 shows the liquidus composition isotherms from 150 to 290°C
for dilute sulfuric acid solutions saturated with UO3 [7].

Study of the data leads to the following general conclusions with respect
to the stability of uranyl sulfate solutions of reactor interest:

(1) Stoichiometric uranyl sulfate solutions in light and heavy water are
unstable at temperatures of 280°C and above because of hydrolysis.

(2) Stability up to approximately 325°C is provided at uranium concen-
trations up to 2.5 w/o by the addition of a 50 mole 9, excess of sulfuric
acid.

(3) Stability up to as high as 400°C is provided at uranium concentra-
tions above 20 w/o by the addition of a 100 mole 9, excess of sulfuric acid.
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The addition of lithium sulfate or beryllium sulfate to uranyl sulfate
solutions has been found to elevate the temperatures at which the second
liquid phase appears [8]. Figure 3-7 shows the effect of Li2SO4 additions
on the second liquid phase temperature for three uranyl sulfate solutions.
In very dilute uranyl sulfate solutions excess acid must also be added to
prevent hydrolytic precipitation.

The solubility relationships in uranyl sulfate solutions containing cupric
copper are also of interest (see Article 3-3.4). Copper sulfate solutions,
like uranyl sulfate, undergc hydrolytic precipitation at clevated tempera-
tures [9]. Iven though the required concentration of cupric ion may be
quite low, its presence influences the phase relationships. This influence
is most significant in dilute uranyl sulfate solutions. A complete phase
diagram for the four-component system, CuO-UO3-SO3-H20, has not
been determined, but regions of special interest have been studied. I'ig-
ure 3-8 shows the phase transition temperatures in solutions containing
copper sulfate, uranyl sulfate, and sulfuric acid. The solid phase which
appears at the higher CuSO4 concentrations has been shown to be at least
in part the basic copper sulfate, 3CuO - SO3 - 2H20 [10].

In uranyl sulfate solutions in contact with austenitic stainless steels it
is important to know the effect of the corrosion products upon the solu-
bility relationships. Under most conditions iron and chromium appear as
insoluble hydrolytic products, but nickel appears as a soluble contaminant
of the solution. Studies have been made of the precipitation temperatures
for dilute solutions in the system UQ2S804~CuS04-NiSO+H2804-1120,
and the solid phases have been identified [11]. I'igure 3-9 summarizes
the information for systems having compositions approximately that of
the fuel solution of the HRIEE-2. In this preliminary study the tests were
limited to short time intervals (15 minutes or less of exposure to the ele-
vated temperatures). When solutions containing 0.01 m CuSOs plus
0.01 m NiSOy4, or 0.02 m CuSOs with no NiSOs were heated for longer
periods of time at 300 to 310°C (just below the temperature for the forma-
tion of two liquid phases) green solids were deposited. Thus the results
pictured in IFig. 3-9 should be applied to practical situations with con-
siderable reservation until experiments with the exact composition of
interest have been conducted.

3-2.3 Other uranium compounds. Uranyl nitrate. A phase diagram for
the system uranyl nitrate-water [12] is shown in Fig. 3-10. Although
uranyl nitrate remains very soluble at the elevated temperatures of in-
terest for power-reactor operation, the nitrate group in such solutions
decomposes to yield oxides of nitrogen which appear in the vapor phase.
Although this situation is reversible with the lowering of temperature, it
does introduce corrosion problems with respect to the vapor phase. The
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nitrate ion is, moreover, not completely stable in fissioning solutions;
elemental nitrogen is one of the products of radiation decomposition.
Although uranyl nitrate solutions have proved quite satisfactory in low-
power water-boiler type research reactors, where makeup nitric acid can
be added as needed [13], they do not appear attractive for high-tempera-
ture, high-power aqueous homogeneous reactors.

Uranyl fluoride. Uranyl fluoride is a very attractive fuel solute because
of the low neutron capture cross-section of fluorine. However, at high
temperatures it undergoes hydrolysis, which means that excess HF would
be required to maintain homogeneity. Hydrogen fluoride is also a com-
ponent of the vapor phase. Both liquid and vapor are very corrosive
toward zirconium and titanium, but less corrosive toward stainless steel
(see Article 5-3.3). Figure 3-11 shows the phase relationships in this
system [14].

Uranium phosphate. Neither hexavalent nor tetravalent uranium phos-
phate is svfficiently soluble in water to be of reactor interest, but both
UO2 and UO; are quite soluble in moderately strong phosphoric acid.
These solutions have been the subject of considerable study at the Los
Alamos Scientific Laboratory [15]. The solubility of UO3 in phosphoric
acid is illustrated by Fig. 3-12 [16]. Although the solubilities of uranyl
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phosphate and uranyl sulfate in water are quite different, their respective
solubilities in concentrated phosphoric acid and concentrated sulfuric acid
are analogous; in either case temperatures as high as 450°C can be ob-
tained with no phase separation. Phosphorus has an advantage over sulfur
in possessing a somewhat lower neutron absorption cross section, but both
anions appear to be stable under radiation. Both the phosphate and sul-
fate solutions in concentrated acid at temperatures of 450°C are extremely
corrosive toward most metals and alloys except the noble metals. Attempts
to operate experimental high-temperature reactors using uranium
phosphate-phosphoric acid fuel solutions have failed because of catastrophic
corrosion rates due to imperfections in noble metal plating or cladding of
the reactor core and heat-exchanger tubing [17] (see Section 7-5).

Uranyl chromate. Uranyl chromate solutions also suffer from hydrolysis
at elevated temperatures; excess chromic acid is required for stability [18].
This system is, however, not unattractive insofar as corrosion of stainless
and carbon steels is concerned. The conditions of acidity and oxidation-
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reduction potential determine the valence state of the chromium, but
present knowledge is not adequate to specify required conditions for re-
liable behavior at elevated temperatures and under reactor radiation.
Figure 3-13 shows the phase diagram insofar as it has been established.

Uranyl carbonate. Uranium trioxide is quite soluble in alkali carbonate
solutions. This solubility can be attributed to the complexing of UOj3 or
uranyl ion by the bicarbonate ion to form uranium-containing anions.
In any event, one would not expect the solubility of uranium to be retained
at high temperature unless the carbonate content of the aqueous phase
were kept high. This can be accomplished by retaining an adequately
high partial pressure of CO2 over the solution. The solubility of UQO3 in
LizCOg3 solutions at 250°C has been studied [19], and the significant re-
sults are shown in Figs. 3-14 and 3-15. Referring to Fig. 3-14, we see that
at a constant CO2 pressure the concentration of uranium increases linearly
with the lithium concentration until a limit is reached at the isobaric in-
variant. The uranium concentration cannot be increased further unless
the CO2 pressure is increased. Figure 3-15 is a projection of the composi-
tions of solutions saturated with respect to lithium and uranium at 250°C
and at a constant total pressure (COz + steam) of 1500 psi. The projection
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F16. 3-15. The system Li;0-UQ3-CO2-H-0 at 250°C and 1500 psi.

figure gives no information concerning the concentration of carbonate in
the liquid phase. The region in which a single homogeneous liquid phase
exists is the very narrow shaded region near the H20 apex. Although the
scope of this region is small, there should be no difficulty in maintaining a
homogeneous liquid phase if an adequate pressure of CO2 is kept on the
system and an appropriate composition is selected in preparing the solution.

3-2.4 Solubilities of nonuranium compounds. Thorium. Thorium solu-
tions having concentrations as high as 0.5 m would be useful for one-region
breeder reactors. For the breeder blanket of a two-region reactor con-
centrations of about 6.0 m thorium appear to be optimal, although some-
what lower concentrations would be of interest. At the present time only
thorium nitrate or phosphate solutions in the presence of excess acid have
been demonstrated to have the required solubilities at elevated tempera-
tures; both of these solutions have substantial disadvantages. Thorium
chloride would be expected, by analogy, to show substantial solubility at
elevated temperatures, but this system has not been investigated in
detail. Complex organic salts, such as thorium acetylacetonate, have high
solubilities at relatively low temperatures, but these have not been in-
vestigated for use in aqueous solutions at temperatures above 100°C.

Data from the literature on the solubility of thorium sulfate at low
temperatures both alone and in the presence of other solutes [20] indicate
that such solutions will probably not be satisfactory at elevated tem-
peratures.

Thorium phosphate (or thorium oxide) is very soluble in concentrated
phosphoric acid. Solutions containing up to 1100 g Th/liter with PO4/Th
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ratios of 5 and 7 could be prepared and appeared to be thermally stable but
had high viscosities. Solutions containing 400 g Th/liter at PO4/Th ratios
of 10 were thermally stable at 250 to 300°C with viscosities little higher
than that of concentrated phosphoric acid. Efforts to improve the prop-
erties of thorium phosphate-phosphoric acid systems by the inclusion of
HF, HNO3, H2S047, SeQ4~, SO4, Lit, or Mg**, alone or in combination,
have not proved encouraging [21].

The thorium nitrate-water system has been reported [22] as having
considerable solubility up to about 225°C, at which point hydrolytic pre-
cipitation occurs. Further investigation [23] revealed a maximal stability
for the 80 w/o material (to around 255°C). Increasing the acidity of the
solutions (increasing the NOs~ /Th ratio) suppresses hydrolysis and in-
creases the stability of the solutions as indicated by Figure 3-16, which
shows the precipitation temperatures for various solutions [24]. The
intensity of vapor phase coloration at elevated temperatures (rapidly
reversible) increased as the nitrate/thorium ratio was raised above 4.0.

Plutonium. A considerable investigation of the chemistry of plutonium
in aqueous uranyl sulfate solutions has been directed, not toward the
achievement of solubility, but toward the achievement of #nsolubility
in order to provide the basis for continuous processing of a U238 blanket
solution for plutonium production [25] (see Chapter 6).

The possible use of aqueous solutions of plutonium in homogeneous re-
actors has been reviewed by Glanville and Grant [26] in order to determine
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which compounds of plutonium appear most worthy of experimental study
as fuel solutes. Table 3-1 summarizes the available low-temperature solu-
bility information for three valence states of plutonium in the presence of
different anions.

Limited experimental work has been performed in which the solubilities
of plutonium carbonates, sulfates, and phosphates have been determined at
temperatures up to 300°C [27]. No substantial solubilities have been
established at temperatures above 200°C.

Protactinium. No efforts have been made to achieve high solubilities
of protactinium in order to use it as a component of reactor fuel solutions.
Rather, the chemistry of protactinium has been examined in order to
devise processes for removing Pa?3% continuously from thorium breeder
blanket systems. A project was undertaken by the Mound Labora-
tories [28] to separate gram quantities of the longer-lived Pa?! which
could be used in studies of the chemistry of protactinium.

Considerable information concerning the low-temperature chemical be-
havior of Pa has accumulated as a by-product of the development of
chemical processes for the separation of U233 from irradiated thorium
materials [29].

Neptunium. Np23 is in a class with Pa?33; no efforts have been made to
use it as a fuel solute, but consideration has been given to its formation in
and removal from blanket solutions of U238 [30a]. The chemistry of nep-
tunium has been reviewed by Hindrman et al. [30b], and the hydrolytic
behavior has been reviewed by Kraus [30c]. Continuous separation of
Np23® would provide a Pu23® product of high purity by radioactive decay,
whereas plutonium recovered from long-term irradiation of U238 usually
contains appreciable amounts of Pu?%0, Spectrophotometric cells for use
at elevated temperatures and pressures in the study of the chemistry of
neptunium (and other materials) have recently been developed by Wag-
gener [30d] and have been used to measure the absorption spectra of
dilute neptunium perchlorate in its six-, five-, four-, and three-valence
states, using heavy water as the solvent. Dilute solutions of neptunyl
nitrate in nitric acid have been so studied at temperatures up to 250°C; the
pentavalent state was found to be stable under the test conditions [30e].

3-3. RabiaTioN EFrECTS*

3-3.1 Introduction. Any aqueous reactor fuel solution will be subjected
to intense fluxes of high-energy radiations. The action of these radiations
both on the water and on the solute is of considerable importance in

*Taken from material prepared by C. J. Hochanadel for The Reactor Handbook.
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reactor design and operation. Energy will be dissipated in a fuel solution
by the stopping of fast charged particles. These include mainly the fission
recoil particles, the recoil particles such as protons produced by elastic
neutron scattering, and the fast electrons resulting from the absorption of
gamma rays and from the decay of radioactive fission products. The
extent to which each contributes to the total energy absorbed in the fuel
solution depends upon the design of the reactor and the composition of
the solution.

Water is decomposed by all types of high-energy radiations to give
hydrogen, hydrogen peroxide, and oxygen [31]. If the decomposition
products are confined in solution, a radiation-induced back reaction will
occur and, eventually, steady-state concentrations (pressures) of products
will be attained. The rate of decomposition, the rate of the back reaction,
and hence the steady-state concentrations are sensitive to the conditions
of the system, such as the nature of the radiation, the type and concentra-
tion of solutes present, and the temperature. In particular, the addition of
hydrogen suppresses the decomposition of pure water.

The solutes may also be acted upon by direct absorption of the energy
of the radiations (or by transfer of energy from the solvent) and also by
reactions with the intermediate reactive species produced by the decompo-
sition of the water.

3-3.2 Primary and secondary reactions in pure water. The fast charged
particles give up energy to the electronic systems of the molecules of the
medium, thereby producing various excited and ionized states. In liquid
water, the ionized and excited molecules are rapidly transformed into the
free radicals H and OH. These are formed in relatively high concentrations
along the tracks of the fission recoils or other charged particles. As a
result, many of the radicals combine before they can diffuse apart, thereby
producing the stable molecules H20O, Hg, and H202. The primary chemical
species are therefore considered to be H, OH, Hz, and H20g2; their yields
per 100 ev of energy absorbed are expressed as G(H), G(OH), G(H2), and
G(H202). The primary chemical reaction can be written:

3H20——+H+OH+H2+H202. (3—1)

Some minor subtleties emerging from recent studies of the radiolysis of
aqueous solutions are: (a) although stoichiometry demands that G(H) -+
2G(Hz) = G(OH) + 2G(H202), the yields of H and OH and also the
yields of Hz and H20; are not necessarily equal to each other [32]; (b) the
yields of Hz and H202 are lowered by solutes which scavenge the pre-
cursors in the particle tracks [33]; (¢) HO2 may be another “primary”’
chemical species produced in small yield in the particle tracks [34].
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Fia. 3-17. Yields of atomic and molecular hydrogen from the decomposition of
water by various ionizing radiations.

The yields of the primary chemical species depend markedly on the type
of radiation or, more specifically, on the energy transferred to the solution
per unit length along the track of the charged particle. The linear energy
transfer (LET) parameter varies from 5 X 10* kev per micron of path for
fission recoils to 0.2 kev/micron for fast electrons. The yields G(H2) and
G(H2032) are largest for radiations such as fission recoils with large LET,
while the yields G(H) and G(OH) are largest for radiations such as fast
electrons with small LET [31]. This is illustrated in Fig. 3-17, where the
yields [35] G(Hz2) and G(H) are plotted as a function of LET.

The free radicals which escape immediate combination and diffuse into
the bulk of the solution may react with solutes present, including the
H: and H202. In water with no added solutes, the principal back reactions
of the free radicals are believed to be:

H + H,0: — H;0+ OH, (3-2)



104 PROPERTIES OF AQUEOUS FUEL SOLUTIONS [cHAP. 3

OH+H:— H:0+H, (3-3)
OH + H30; — H20+ HOs, (3-4)
2HO; — H202 + Og, (3-5)

H+ 02 — HOs, (3-6)

HO2 + H202 — H20+ OH + Oo. (3-7)

Reactions (3-2) and (3-3) provide a chain mechanism for the back reaction
of H2 and H202 to reform water [36], thereby leading to steady-state con-
centrations of decomposition products. The steady-state concentration
will depend on the relative yields of molecular products and free radicals
in reaction (3-1). For gamma rays, which produce the free radicals in
high yield and the molecular decomposition products in low yield, the
steady state in pure water is essentially zero. For fission recoils, which
produce essentially no free radicals to promote the back reaction, the
steady-state concentration (pressure) is very high (several thousand psi).
Reactions (3—4) and (3-5) provide a mechanism for decomposing H202 to
02, and reactions (3-3), (3-5), (3-6), and (3-7) provide a mechanism for
combining Hz and O2 to form water at higher temperatures [37].
Dissolved materials may be oxidized or reduced. In general, H atoms
usually reduce the solute and OH radicals reoxidize it. Assuming equal
numbers of H and OH, the net result depends on the action of the H202.
The peroxide may act in either way (depending on the oxidation-reduction
potentials) but usually oxidation is favored. In the presence of Oz, the
H-atom may be converted to HO2, which usually acts as an oxidizing agent.

3-3.3 Decomposition of water in uranium solutions. In Table 3-2 are
listed the hydrogen yields from the decomposition of solutions of various
uranyl salts [38]. The yield depends on the type of radiation and on the
solute concentration, but is independent of temperature. Figure 3-18
shows how the yield of hydrogen produced by fission recoil decomposition,
and by gamma-ray decomposition, decreases with increasing uranium con-
centration. This decrease may result from scavenging of H-atoms in the
particle tracks by the uranyl ions. Decomposition by fission recoil particles
produces mostly Hz (and an equivalent amount of H202 plus O2); the
yields G(H) and G(OH) are very small, probably in the range 0 to 0.1
per 100 ev.

In an aqueous homogeneous reactor fuel solution, the water is decom-
posed by fission recoils, proton recoils, and fast electrons. The rate of
hydrogen formation, in moles per liter per minute, can be expressed by
the equation:
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initial Hz yield from irradiated UO2S04 solutions.

d(g"’) = 0.00622[G; X W)+ G, X Wo+ G X W], (3-8
where @ is the hydrogen yield in molecules per 100 ev absorbed; and W is
the power density in kilowatts per liter. The subscripts f, p, and e refer to
the values for fission recoil particles; protons produced by neutron scatter-
ing, and electrons produced by gamma-ray absorption and by radioactive
decay of fission products. For an operating homogeneous reactor, about
969, of the hydrogen gas produced in solution is due to the fission recoil
particles, 2%, to the neutrons, and 2%, to the gamma rays. Therefore the
last two terms in Eq. (3-8) are usually neglected. The fraction due to
recoils is usually above 0.96, since part of the energy of the prompt neu-
trons, gamma rays, and radioactive decay escapes from the solution. The
value of G; for a given solute concentration can be obtained from Fig. 3-17
and the value for W, can be calculated from the neutron flux, the concen-
tration of fissionable atoms, the fission cross section, and the kinetic
energy of the fission recoils.

Along with the hydrogen, an equivalent amount of oxidant (either
peroxide or O32) will be formed.
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TABLE 3-2

IniTIAL RaTES OF Hz Gas PropUCTION FROM REACTOR-IRRADIATED
URANIUM SOLUTIONS

Concentration Fission ener
Solute ) 8y pH G(Haz)
g U/liter | g U5/ liter | 0% enerEY

0.399 0.372 0.688 1.61
4.03 3.76 0.957 3.26 1.66
18.6 1.63 0.906 2.90 1.48
38.1 0.274 0.619 0.95

40.7 37.9 0.995 2.42 1.53
102.1 37.4 0.995 2.00 1.35
105.2 38.9 0.995 0.10* 1.20
108 .4 40.1 0.995 1.35
202.3 0.063 0.273 0.69

U02804 202.5 37.6 0.995 1.61 1.11
203.4 189.6 0.999 1.11
227.0 1.63 0.906 0.98
310.4 0.096 0.364 0.62
386.0 1.63 0.906 0.80
431.3 37.8 0.995 1.32 0.77
436.8 3.10 0.949 0.73

477.2 0.148 0.467 0.56
713.5 33.5 0.995 0.56
796.0 37.4 0.995 1.03 0.49
4.25 3.96 0.959 4.25 1.63
40.1 37.3 0.995 3.32 1.58
118.8 37.1 0.995 2.98 1.36

UO.F, 272.0 37.2 0.995 2.64 1.11
377.0 39.3 0.996 1.35*| 0.84
405.7 42.3 0.996 2.41 0.95
4.24 3.95 0.960 1.63

UO2(NO3)3 42.3 39.4 0.995 2.05 1.5

318.0 2.29 0.932 1.03 0.6
420.1 36.9 0.994 0.60 0.55
42.2 39.3 0.995 1.95 1.45
U(S04)2 92.5 35.1 0.996 0.1 1.25
350.0 32.0 0.995 0.1 .75

*pH adjusted by adding acid.



3-3] RADIATION EFFECTS 107

3-3.4 Recombination in uranium solutions. For fission recoil particles
the radiation-induced back reaction of Ha, Oz, and H20: is relatively
slow. Also, the thermal recombination rate in the absence of added catalyst
is relatively slow and, as a result, the steady-state pressure of gases is very
high; e.g. at 250°C the pressure is of the order of thousands of psi.

Certain solutes, notably copper salts, have been shown to act as homo-
geneous catalysts [39] in the thermal combination of hydrogen and oxygen
in aqueous uranium solutions. This provides a convenient method for re-
combining the radiolytic hydrogen and oxygen gases.

The reaction rate is first order in hydrogen and in copper concentration,
and independent of the oxygen concentration. The rate-determining step
is the reaction of hydrogen with the catalyst, and the activation energy
is about 24 kcal/mole. For a particular uranium solution, the rate of hy-
drogen removal, in moles/liter/min, can be expressed by

~UH) _ ou(Cu) (i), (3-9)
where kg, is the catalytic constant in liters/mole/min, and concentrations
are given as moles/liter. Some selected values of kcy are listed in Table 3-3.
Increasing the concentration of uranyl sulfate or of sulfuric acid decreases
the catalytic activity of the copper somewhat, possibly as a result of com-
plexing. Also, the rate of reaction with D is about 0.6 that with Hos.

TaBLE 3-3

SELECTED VALUES OF kcu AT SEVERAL TEMPERATURES AND
UraNIUM CONCENTRATIONS (Cu=10"3 M)

Uranium Temperature, kcu, 103 kco/S,
concentration, M °C liters/mole/min psi~!/min
0.17 190 4.3 0.28
0.17 220 26.6 2.3
0.17 250 90.0 12.
0.00 250 83.0* 11.
0.01t00.1 250 133 18.
0.01t00.1 275 380 61
0.01t00.1 295 850 149

*With 10~3 M Cu(ClO4)3 plus HCIO4 in concentrations ranging from 0.005 M
t0 0.05 M.



108 PROPERTIES OF AQUEOUS FUEL SOLUTIONS [cHAP. 3

The concentration (solubility) [40] of Hy is related to the partial pres-
sure of hydrogen by the proportionality factor

=P, _
$= 5 (3-10)

where Py, is given in psi, (Hz) in moles/liter, and S in psi/liter/mole.
Equation (3-9) can then be written

—d(Hz)
dt

Py,

= kCu (Cu) S

(3-11)

At the steady state, the rates of formation and removal of hydrogen are
equal, and from Egs. (3-8) and (3-11), the steady-state pressure is given by

0.0062 X Gy X Wy X S.

P(HZ)SG = (Cu)kCu (3—12)

Application of copper sulfate catalyst to the suppression of gas evolution
during the operation of the Homogeneous Reactor Experiment was dis-
cussed by Visner and Haubenreich [41]. Design calculations for use of
copper catalysts in the HRE-2 and in other reactors have been reported
[42]. The use of internal recombination catalysts in homogeneous reactors
is also discussed in Article 7-3.7.

3-3.5 Peroxide decomposition in uranium solutions. The hydrogen per-
oxide produced by decomposition of the water can undergo several sec-
ondary reactions: (a) It can react with uranyl ion to form the slightly
soluble peroxide UO4 according to the reaction

UOz+* 4+ H202, == U044 2H. (3-13)

The UO4 will precipitate if its solubility (~10~3 M) is exceeded. (b) It
(or the UO4) can decompose by a radiation-induced reaction via the free
radicals H and OH produced by decomposition of the water. (c¢) In a re-
actor operating at high temperatures the H2O2 will decompose thermally
at an appreciable rate according to the over-all reaction:

H;0; —> H20 + 1/20; (3-14)

and the UO4 will decompose thermally according to the reactions
UO4 —> UO3 + 1/20, (3-15)
UO3+ 2H+ — UO2**+ 4 H;0. (3-16)
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Studies of the kinetics of the thermal decomposition of peroxide in uranyl
sulfate solutions [43] have shown the rate to be first order with respect to
peroxide concentration in the range from 0.4 to 5 X 10~3 M, independent
of uranium concentration in the range from 4.5 X 10~3 to 0.65 M, and in-
dependent of the acidity from pH 1.6 to 3.3. Traces of certain ions showed
pronounced catalytic effects. The rate of decomposition could be ex-
pressed by

—d(H209)

TR k(H202) + keat(Cat)(H2032), (3-17)

where (H2032) represents total peroxide concentration (UO4+ H2032) in
moles per liter at time ¢, £ is the molar rate constant in the absence of
catalyst, ket is the catalytic constant, and (Cat) is the concentration of
catalyst in moles per liter.

Values of k for uranyl sulfate solutions (4.5 X 103 M to 0.65 M) with
no added catalyst depended upon the adventitious impurities present, and
were in the ranges as listed in Table 3-4. The indicated activation energy
is 25.5 kecal/mole. For pure water, the rate constant at 78°C was 4.5 X 104
per minute.

Catalytic constants, kcat, for various ions added are listed in Table 3-5.

The net rate of peroxide formation is the difference between the rate of
production and the rate of decomposition. At the steady state the two rates
are equal. The rate of formation of peroxide in an operating reactor in
terms of moles per liter per minute can be expressed in terms of the yield,
G, in molecules per 100 ev of fission recoil energy, and the average fission
recoil power density of the reactor, W, in kilowatts per liter, by the
equation:

d(HdztOz_) =0.0062 X G X W X 0.96. (3-18)

The maximum value of G for the particular solution used is that given
for the Hy yield in Fig. 3-18. During reactor operation the radiation-
induced decomposition of peroxide is negligible, and the rate of decom-
position is essentially the thermal rate given by Eq. (3-17). At the steady
state the peroxide concentration is given by

_0.0062 X G X W X 0.96
(Hzoz)n - k+ kc;g(Cat) *

(3-19)
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TABLE 3-4

Morar RATE CONSTANTS FOR PEROXIDE
DEecomposiTION IN UQ2S04 SoLuTIONS

Temperature, °C k, min~!
53 1.2X 1073 to 12x 103
78 1.8x 102to 14 X 102
100 1.8 107! to 12x 107!
TaBLE 3-5

CaraLytic CoNsTANTS AT 100° C FOR PEROXIDE
DEecomposiTiION BY VARIOUs IoNs ADDED TO
U02504 SoruTioN

Catalyst keat (liters/mole/min)
Fet? 135,000
Rutt 121,000
Agtt 4,500
Nit2 2,600
Cut? 1,200
Fet*2? (promoted 502,000
by 793 ppm Cu*2)

The maximum allowable power density, Wmax, before precipitation of
uranium peroxide occurs is given by

_ (H202)s0l[k + keat(Cat)] _
Wex = "—00062 X G X 0.96 (3-20)

For example, in 0.17 M U0280; solution at 100°C with no added catalyst,
the peroxide solubility is ~4 X 1073 M, k = 1 min~}, and G ~ 1.5, then
Wmax = 0.4 kw/liter.

Following reactor shutdown, peroxide formation and decomposition will
result from the delayed neutrons and from the 8~ and 7 radiation of the
fission products. The yield for peroxide formation will be essentially that
for y-rays, G=0.46. The yield for radiation-induced decomposition [37]
may be as high as 4.5, but will depend in a complicated way on the amount
of oxygen, hydrogen, and other solutes such as fission products, corrosion
products, etc., present.
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3-3.6 Decomposition of water in thorium solutions. Under radiation
thorium nitrate solutions decompose [44] to give Hz, H202, and O2 from
decomposition of the water, and Oz, N2, and oxides of nitrogen from de-
composition of the nitrate. Yields of Hz and N2 for several types of radia-
tion, and for several concentrations of thorium nitrate, are given in
Table 3-6. The hydrogen yield decreases with increasing solute concen-
tration, the same as for uranium solutions. The nitrogen yield increases
with increasing nitrate concentration. The N3 is presumably formed by
direct action of radiation on the nitrate. The N yield is greater for radia-
tions of greater LET. The N3 yield is independent of temperature, and
little or no radiation-induced back reaction takes place.

Uranyl nitrate solution also decomposes to give N2 in yield comparable
to that for thorium nitrate solution.

TABLE 3-6

Tue ErrFects oF CONCENTRATION AND TYPE OF RADIATION ON
THE Y1eLDps OoF N2 AND Hz IN THE DECOMPOSITION OF THORIUM
NITRATE SOLUTIONS

G(Ng)
G(H

Th(NOs)s, Pien )
molality recoils* Fiss.ion Ol.iNL grap_hlte Gamma rays

recoils* pile radiation
0.26 1.11 0.002 0 003 0.04 x 10-3
0.55 0.93 0.016 0.003 0.5 x 1073
1.5 0.51 0.047 0.005 1.5 X103
2.7 0.33 0.063 0.006 1.1 x10°3

7.2 ~ 0.08% 0.16

*(.14 molal enriched UO2S04 added to make the energy contributed by fission
recoils > 95%, of the total energy absorbed.
tEstimated by extrapolation.

3-4. PHYSICAL PROPERTIES

3—4.1 Introduction. Knowledge of the physical properties of aqueous
solutions of reactor fuel materials is required for nuclear physics calcula-
tions and analysis of reactor performance, for engineering design, and,
ultimately, for effective reactor operation. The scarcity of information
available in 1951 concerning the properties of uranium salt solutions
prompted the Homogeneous Reactor Program at ORNL to sponsor a
physical properties research program at Mound Laboratory beginning in
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July 1951 and carrying through December 1954. The progress of this
effort is discussed in regular reports [45] and in a number of topical reports
dealing with techniques, apparatus, and summarized data [46-56].

A number of compilations of physical properties data for aqueous reactor
solutions have appeared, among which are included those of Van Winkle
[57], Tobias [58], and sections by Briggs, Day, Secoy, and Marshall in
The Reactor Handbook [59].

The properties of light and heavy water are discussed by Lottes [60] as
they relate to reactor heat-transfer problems. Other properties of water
are found in standard reference works [61-62].

The remainder of this section is devoted to particular properties of
reactor solutions which are of interest and to some properties of the vapor
phase above reactor solutions which are important for aqueous homo-
geneous reactors.

TaBLE 3-7
Liquip AND Vapror DEeNsIiTiES OF D20
Density, g/cc

T, °C

Vapor Liquid
175 0.004 0.989
180 0.005 0.983
190 0.006 0.970
200 0.007 0.957
210 0.009 0.943
220 0.010 0.929
230 0.013 0.913
240 0.016 0.898
250 0.020 0.881
260 0.024 0.864
270 0.029 0.847
280 0.034 0.829
290 0.040 0.809
300 0.048 0.787
310 0.058 0.763
320 0.070 0.735
330 0.087 0.705
340 0.105 0.668
350 0.129 0.626
360 0.163 0.573
370 0.248 0.462
371.5 0.363 0.363*

*Critical point.
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3-4.2 Density of heavy water and uranyl sulfate solutions. The density of
heavy water has been measured up to 250°C at Mound Laboratory by a
direct method making use of a Jolly balance [51,54]. An indirect method
for determining the density of heavy-water liquid and vapor has been used
to extend the data up to the critical temperature [63]. Table 3-7 gives
density values at convenient temperature intervals. The densities of
uranyl sulfate solutions from 20 to 90°C and at concentrations up to 4.0
molal were measured by Jegart, Heiks, and Orban at Mound Laboratory
[47,56]. The densities of uranyl sulfate solutions were measured by
Barnett et al., of Mound Laboratory [55] at temperatures up to 250°C for
concentrations (at room temperature) of 60.6 and 101.0 g U/liter of solu-
tion in light water and for uranium concentrations (room temperature)
of 20.3, 40.4, and 61.2 g/liter in heavy water. Their data are presented in
Table 3-8.

TABLE 3-8

DEensiTIES OF L1iGHT- AND HEAVY-WATER SOLUTIONS OF
URANYL SULFATE

Density, g/ml
7 og | U02804 in H:0, g U/liter U0:804 in D20, g U/liter
60 6 101.0 20.3 O?; 40.4 0‘.’; 61.2
psi psi
30 1.1340 1.300 1.1567 1.1842
1.318 | 300 | 1.1598 | 280
45 1.0715 1.1275 1.1245 1.1509 1.1781
1.1263 | 305 | 1.1540 | 280
60 1.0649 1.1199 | 1.1170 1.1433 1.1704
1.1198 | 325 | 1.1472 | 300
75 1.0562 1.1111 1.1120 | 340 | 1.1388 | 325 | 1.1628
90 1.0468 1.1008 1.1026 | 360 | 1.1297 | 350 | 1.1545
100 1.0395 1.0952 1.0954 | 380 | 1.1228 | 365 | 1.1476
125 1.0203 1.0742 1.0751 | 415 | 1.1037 | 410 | 1.1278
150 0.9984 1.0528 1.0505 | 480 | 1.0822 | 480 | 1.1053
175 0.9735 1.0293 1.0221 | 560 | 1.0572 | 530 | 1.0805
200 0.9460 1.0030 | 0.9920 | 680 | 1.0280 | 670 | 1.0540
225 0.9156 09745 | 0.9578 | 830 | 0.9973 | 840
250 0.9440 | 0.9224 | 1090 | 0.9610 | 1080

*Qverpressure of oxygen gas as indicated. Otherwise solutions were in contact
with their own vapor,
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The densities of light-water solutions of uranyl sulfate were found by
Marshall [64] to fit the relationship

1
= (78.65/U0) — 1.046

d, + dn,0,

where d, is the density of the solution in g/ce, U is the weight percent
uranium, and dm,o is the density of water at the same temperature and
pressure as the solution. The accuracy of this formula is believed to be:

+ 0.59%, from 25 to 300°C for 0-10% U,

=+ 1.09, from 120 to 250°C for 10-50%, U,
4+ 2.09, from 25 to 125°C for 10-50%, U,
=+ 2.09, from 250 to 280°C for 10-509, U.

The density of heavy-water solutions of uranyl sulfate may be estimated
from an analogous formula:

1

&= 771.0/0) —0.044

+ dp.o.

The densities of heavy-water solutions of uranyl sulfate reported in Table
3-8 were found to be within 3%, of values calculated by this formula.
Similar formulas were devised by Tobias [58] for application to the
determination of the densities of solutions of mixed solutes such as uranyl
sulfate-beryllium sulfate and uranyl sulfate-lithium sulfate.
Density information for other uranium salts and for thorium nitrate so-
lutions was compiled by Day, Secoy, and Marshall [59].

3—4.3 Viscosity of DO and uranium solutions. The viscosity of heavy
water was measured from 30 to 250°C by Heiks et al. [54]. Good agree-
ment with four values reported by Hardy and Cottington [65] was found.
The apparatus used has been described by Heiks et al. [51] and the elec-
tronic instrumentation for measuring the time of fall of a plummet con-
taining a radioactive pellet has been described by Rogers et al. [52].

Van Winkle [57] discussed the viscosity of light and heavy water and
the early data for solutions of uranyl sulfate in heavy water.

Heiks and Jegart of Mound Laboratory [50,56] measured the viscosity
of uranyl sulfate solutions in light water over a concentration range of
0.176 to 2.865 molal and over a temperature range of 20 to 90°C by the use
of Ostwald capillary viscometers. Using the falling-body viscometer re-
ferred to above, Barnett et al. of Mound Laboratory have measured the
viscosities of light- and heavy-water solutions of uranyl sulfate at tem-
peratures up to 250°C [55]. Table 3-9 presents a comparison of viscosities
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TABLE 3-9

ViscosiTies oF LiGHT- AND HEAVY-WATER SOLUTIONS OF
URANYL SULFATE

Viscosity, cp

T, °C U080 in H,0, g U/ liter U0,804 in D20, g U/liter
20.2 | 59.7 [100.4|20i.4(301.1(400.7| 0 |20.3|40.4] 61.2

30 |0.857(0.946[1.04 |1.40 |1.97 [3.04 |0.969] — | — | —
45 [0.620(0.701(0.773[1.05 |1.39 |1.98 [0.713|0.773|0.789|0.827
60 [0.492|0.5360.605(0.820|1.06 |1.41 |0.552|0.586|0.608|0.638
75 [0.403|0.436 |0 483 (0.638[0.821|1.10 |0.4450.467 | 0.487|0.513
90 [0.329]0.365(0.399(0.517 | 0.675|0.884 |0.365 | 0.384 | 0.397 | 0.415
100 |0.292|0.327|0.351{0.454|0.589 |0.767 | 0.323|0.342|0.350 | 0.365
125 {0.2380.264|0.273|0.347|0.442|0.543 | 0.252|0.263 | 0.269 | 0.287
150 |0.1940.213 [0.223|0.275|0.335|0.437 | 0.208 | 0.216 | 0.222 | 0.233
175 |0.1640.178(0.188|0.2260.269 [0.360 | 0.175|0.182|0.187 | 0.196
200 |0.142[0.153|0.158|0.192[0.230|0.298|0.151 [0.154|0.160|0.169
225 0.136 | 0.141 0.209(0.264|0.135|0.138 | 0.144 | 0.151
250 0.125(0.130 0.190|0.238|0.124{0.1250.133 | 0.137

of light- and heavy-water solutions for selected temperatures and uranium
concentrations.

The viscosity of uranyl nitrate solutions is discussed by Day and
Secoy [59].

3—4.4 Heat capacity of uranyl sulfate solutions. Van Winkle [57] esti-
mated the heat capacity of dehydrated uranyl sulfate by comparison with
uranyl nitrate and with salts of other metals and has estimated the heat
capacity of solutions of uranyl sulfate in heavy water and in light water.
The effect of temperature on the heat capacity of solutions was assumed
to be the same, percentagewise, as the effect on the heat capacity of the
pure solvent. Table 3-10 shows the influence of uranyl sulfate concentra-
tion upon the heat capacity of solutions at 25 and 250°C. No experimental
measurements have been reported for temperatures above 103°C; values
below this temperature differ from the estimates by as much as 109, [57].

3—4.5 Vapor pressure of uranyl sulfate solutions. The vapor pressures
of uranyl sulfate solutions have been measured over the temperature range
24 to 100°C and at uranium concentrations up to 4.8 molal by Day [66].
The ratio of the vapor pressure of the solution to that of pure water at the
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TasLE 3-10
EsTiMATED HEeAT CaAPAcITIES OF URANYL SULFATE SOLUTIONS

Estimated Heat Capacity, cal/g -°C

H:0 solutions D20 solutions
U02804, w/o

25°C 250°C 25°C
0 0.998 1.166 1.005
10 0 905 1.070 0.916
20 0.809 0.975 0.830
30 0.714 0 875 0.745
40 0.619 0.770 0.658
50 0.523 0 665 0.568
60 0 428 0.550 0.474
70 0.333 0.425 0.370
80 0 238 0.290 0.252
85.9 (UO2804 - 3D20) — — 0.174

87.2 (U02804 - 3H:0) 0.170 — —

same temperature is almost independent of temperature but markedly de-
pendent upon the solute concentration over this range. Table 3-11 shows
the effect of uranium concentration upon the ratios at temperatures up to
100°C. Vapor pressure measurements have been made for light-water
solutions of uranyl sulfate at temperatures up to approximately 200°C and
uranium concentrations (room temperature) of 400 and 500 g/liter. Data
have, however, not yet been published [45]. Other vapor pressure meas-
urements are being made at the Oak Ridge National Laboratory. The
vapor pressure lowering in uranyl sulfate solutions containing added
lithium or beryllium sulfate was stated to be approximately in accord
with Raoult’s law [8b].

The vapor pressures of three solutions of UO3 in phosphoric acid are
shown in Table 3-12 [17], based on values read from the published curve.

3-4.6 Surface tension of uranyl sulfate solutions. The capillary rise
method was adapted to conditions prevailing at elevated temperatures and
pressures for measurements made at Mound Laboratory by Heiks et al.
[51,54]. Briggs [59] has compiled information on the surface tension of
aqueous solutions of uranyl sulfate, including the relationships established
by Van Winkle.
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TasBLE 3-11

RaTiOS OF VAPOR PRESSURES OF URANYL SULFATE
SoLuTIONS TO THAT OF Pure H20

p/po (at given temperature)
U0:804, M
25°C 50°C 80°C 100°C
0.59166 0.990 0.990 0.991 0.993
1.14545 .979 .981 .984
3.17433 911 .920 .935
4.1821 .863 .881 .900

TasLE 3-12

Varor Pressures or UO3 Sorutions IN H3PO4*

Vapor pressure, 1b/in?
Temperature,
°C 0.76 M UOzin | 0.309 M UOsin | 0.75 M UO3 in
0.56 M HsPOs | 2.90 M H3PO4 7.5 M H3POy4
110 23 21 21
150 66 64 64
200 200 200 200
250 460 500 500
300 1000 1150 1150
350 1700 2100 2100
400 2900 3600 3700
450 4600 5600 6600
500 6600 8000 —_

*Plotted and extrapolated from Los Alamos data.

Barnett and Jegart of Mound Laboratory [53] reported the surface
tension of uranyl sulfate solutions in light water at temperatures up to 75°C
and concentrations up to 2.34 molal.

Barnett et al. [55], using the apparatus described by Heiks et al. [51]
for capillary rise technique at elevated temperatures and pressures, meas-
ured the surface tension of light- and heavy-water solutions of uranyl
sulfate at temperatures up to 250°C.
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TaABLE 3-13
Tue pH oF UO3-H2S04-H20 SoLuTions AT 25.00°C*

Molarity Molar ratio, UO3/S04

H,5304 0.7006 | 0.8017 | 0.9024 1.0029 1.1042 | 1.202
0.02432 1.995 2.151 2.425 3.043 3.612 3.823
0.01214 2.259 2.422 2.692 3.267 3.731 3.922
0.004866 2.619 2.784 3.046 3.526 3.874 4.038
0.003656 2.730 2.900 3.155 3.604 3.913 4.074
0.002437 2.905 3.065 3.321 3.708 3.977 4.124
0.001216 3.174 3.348 3.592 3.906 4.093 4.214
0.0004850 3.587 3.715 3.903 4.130 4.250 4.354
0.0003646 3.671 3.822 3.996 4.201 4.304 4.395
0.0002424 3.851 4.004 4.127 4.326 4.411 4.500

*These values are based on a determined pH of 2.075 for 0.01000 molar HCI,
0.900 molar KCl. For pH’s relative to the analytical concentration of HCI subtract
0.075 pH unit from each of the above values.

TABLE 3-14

TuE pH VaLues or HCl, H2SO4, aAnp UO02804 SoLuTioN
As A FuncrioN oF TEMPERATURE

M t°C pH t°C pH

HCI 0.0100 30 2.13 130 2.17
H2S0,4 0.00490 30 1.76 180 1.93
” 0.04615 30 1.28 180 1.62

” 0.09740 30 0.96 180 1.21
V028041 0.04 30 2.80 150 2.58
” 0.17 30 2.20 180 2.20

" 1.1 30 1.76 180 1.81
U02804* + Ha804 30 1.22 180 1.83

*U02804 solution which read pH 2.68 at 30°C, to which was added sufficient
H2S04 to bring the pH reading down to 1.22 at 30°C.
tReported values modified and extended by personal communication with M. H.
Lietzke, April 1958.
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Fia. 3-19. Solubility of gases in water.

3-4.7 Hydrogen ion concentration (pH). Orban of Mound Laboratory
[48,56] studied the acidity of uranyl sulfate solutions from 25 to 60°C.
Orban has also reported the pH values for uranyl sulfate solutions con-
taining excess UQ3 at temperatures up to 60°C [49,56]. Secoy has com-
piled information concerning the effects of uranium sulfate concentration
upon pH as reported by a number of investigators [59]. Marshall has
utilized the relationship between pH and concentration to determine the
solubility of UQj3 in sulfuric acid at elevated temperatures [7]. Table 3-13
shows the effect of sulfate concentration on pH at 25.00°C for various
ratios of UO3 to sulfate as found by Marshall.

The direct measurement of pH at elevated temperatures and pressures
has been made possible through the development by Ingruber of high-
temperature electrode systems for use in the sulphite pulping process of
the paper industry [68]. Lietzke and Tarrant have demonstrated the
applicability of Ingruber’s electrode system to the measurement, of the pH of
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F1a. 3-20. Approximate explosion limits of spark-ignited gaseous mixtures of O3
and Hj saturated with H20 vapor in 14-in. bomb.

solutions of HCl, UO2S04, and H2804 at temperatures as high as 180°C [69].
Table 3-14 lists the values reported. Lietzke has reported the properties
of the hydrogen electrode-silver chloride electrode system at high tempera-
tures and pressures [70].

3—4.8 Solubility of gases. The solubilities of various gases in water and
in reactor solutions are indicated by Fig. 3-19 [71,72].

Composition and PVT data [73,74]. Dalton’s Law of additive partial
pressures has been determined to correlate the P-PVT relationships of
steam-oxygen and steam-helium mixtures in the pressure range of interest
(up to 2500 psi) to within 19,.

For approximate calculations the perfect gas laws can be applied when
dealing with the permanent gases under reactor conditions, but values for
the properties of water vapor and D20 vapor should be obtained from
experimental data or standard tables [62].

The compositions of saturated steam-gas mixtures are predictable in a
similar manner, in that the partial dénsity of each constituent is equal to
that of the pure constituent at its partial pressure.

3-4.9 Reaction limits and pressures. Stephen et al. [75] measured the
effect of temperature and Hz/O2 ratio on the lower reaction limits of the
H2-Oz-steam system in a small 1.5-in.-diameter autoclave. Their investi-
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Fia. 3-21. Ratio of peak reaction pressure to initial mixture pressure vs. com-
position of Knallgas saturated with water vapor at 100°C. Tube diameter = 0.957
in., spark ignition energy = 180 millijoules.

gation indicated that the composition (mol basis) of the mixture at the
lower limit was not temperature dependent at constant H2/O2. Figure 3-20
is a plot of Stephan’s data showing variation in Hz/02 [76].

Syracuse University is investigating [77] further the effects of geometry,
temperature, and method of ignition on the reaction and detonation limits
of H20-(2Hz2 + O2). Reaction pressures are also measured. Figure 3-21
shows their reported results in a long 0.957-in.-diameter tube at 100°C;
these are typical of results obtained at 300°C. It is interesting to note
that their lower reaction limit is 697, Knallgas,* as compared with 209,
Knallgas observed by Stephan.

*Knallgas is the term describing the 2:1 mixture of hydrogen and oxygen ob-
tained electrolytically and considered as a single gas.
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CHAPTER 4
TECHNOLOGY OF AQUEOUS SUSPENSIONS*
4-1. SusPENSIONS AND THEIR APPLICATIONS IN REAcTORsf

4-1.1 Introduction. With the inception of the aqueous homogeneous
power reactor program at Oak Ridge National Laboratory in 1949, the
primary choice of fuel was highly enriched UO2804 solution. Use of en-
riched uranium alleviated to some extent the need for strict neutron
economy, but it was found that at high temperature (250 to 300°C) UO2804
solutions were more corrosive than pure water and were subject to a high-
temperature instability. As a result, a secondary development effort was
initiated at ORNL to determine the potentialities of suspensions of solid
uranium compounds as reactor fuels. The principal efforts were directed
at forms of UQOs, because it was believed that under reactor operating
conditions the trioxide would be the stable oxidation state. Considerable
progress was made in studies of the oxide and its slurries, and in develop-
ment of equipment for circulating the slurries at concentrations of several
hundred grams per liter in 100-gpm loops at 250°C. In addition, a criticality
study was carried out with enriched UO3 - H20 in water to obtain assur-
ance that local fluctuations in concentration or settling would not unduly
affect nuclear stability [1].

In 1955, the UO3 work was set aside so that effort could be concentrated
on ThO: suspensions, which are at the present time believed to be the only
suitable fluid homogeneous fertile material for use in an aqueous homo-
geneous thorium breeder. The ultimate of this effort at ORNL has been set
at a two-region, ThOg2, homogeneous, power breeder.

In the following sections of this chapter a detailed account is given of
the studies on UQj3 slurries and ThO: slurries, and a description of the
present state of knowledge of their production, properties, and utilization.
The discussion will be based largely on work done in the United States, but
it should be kept in mind that studies on fuel- and fertile-material sus-
pensions have been conducted in other countries—in particular, in the
Netherlands and in Great Britain—and that exchanges of concepts and
data have aided the U.S. efforts.

*By J. P. McBride and D. G. Thomas with contributions from N. A. Krohn,
R. N. Lyon, and L. E. Morse, Oak Ridge National Laboratory.
1By R. N. Lyon.
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4-1.2 Types of suspensions and their settled beds. Two-phase systems
of solids in liquids may be classified in several ways. On the basis of size
of particle a phase is said to be colloidal when it is sufficiently finely di-
vided to permit the surface attraction forces of the particles to exert a
strong influence on the mechanical properties of the material as a whole.
If, in addition, the particles are dispersed in a liquid and are sufficiently
small so they diffuse throughout the liquid due to their Brownian motion
in a normal gravitational field, they are referred to as sols. Sols are not
resolved in an ordinary microscope but are usually recognizable in an
ultramicroscope. The particles of a sol are usually less than 0.5 mjcron in
length for materials of density near that of water, while particles in a ThO;
sol are usually less than 0.05 micron. Particles in a sol may join to form a
random network of some strength having a semisolid appearance and called
a gel, or they may coalesce into loose and relatively independent clouds of
joined particles referred to as flocs. Suspensions of flocs or of particles which
are large enough to settle are referred to as slurries.

In some sols the particles are stabilized by the preferential attraction of
the suspending liquid to the particles’ surface. These are referred to as
lyophillic sols. In other sols the thermodynamically stable condition is a
flocculated or a gelled state, but the particles are held apart by electro-
static forces produced by ions which collect on and near the surface of the
particles. Sols of elements, oxides, and salts (including the oxides of
uranium and thorium) are generally of the latter type and are referred to
as lyophobic sols.

Although dispersions having particle sizes greater than 0.5 micron do
not form sols, since they are too large and have too large a mass to be ap-
preciably affected by Brownian motion, the particle surfaces may exhibit
some colloidal properties which are most pronounced when the particles
are very close together. The magnitude of these forces is such that spherical
particles of ThO2 which are 10 to 15 microns in diameter appear to show
only slight tendency to flocculate, while cubic or platelet forms of ThO2 and
UO;3 - H20 of 1 or 2 microns on a side do show a marked tendency to
flocculate.

When slurries having particles that are either relatively large or have a
high ionic charge on their surface (and hence have little tendency to floc-
culate) settle, the settled bed density approaches about 50 to 709, of the
particle density. The bed resuspends only slowly and is not easily de-
formed rapidly. An example of such a bed is settled sand. In general, such
beds may exhibit dilatancy, which means that the bed must expand to be
deformed, and the apparent viscosity of the bed increases as the rate of
shear increases. ThO2 spheres of more than 5 to 10 microns settle to beds
of this type.

Flocculated slurries settle to a concentration at which the flocs become
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joined, and from that point the particles are in part supported by indirect
contact with the walls and bottom of the container through the floc struc-
ture. The resulting settled bed may continue to compact indefinitely at a
slower and slower rate. Such beds behave more or less in a plastic fashion,
and may even exhibit a pronounced yield stress (i.e., shear stress required
before an appreciable deformation rate is initiated).

In UO; - H20 slurries of concentrations up to several hundred grams per
liter, the yield stress is less than 0.1 lIb/ft? and the slurries are almost of
Newtonian character. A breeding blanket requires ThO2 slurries con-
taining 500 to 1500 grams of thorium per liter, and in these concentrations
the yield stress varies from 0 to well over 1 Ib/ft2, depending in part on the
concentration, on the shape and form of the oxide particle, and on the
presence or absence of certain additives. Settled beds of both ThO2 and
UO3 - H2O may be either colloidal and plastic, or much more dense, non-
colloidal, and apparently dilatant.

4-1.3 Engineering problems associated with colloidal properties. The
colloidal behavior of some slurries offers three types of problems: high
yield stress, caking, and sphere-forming tendencies. To these may be
added a general instability in the colloidal behavior which changes with
time, chemical treatment, and general previous history. A high yield stress,
in turn, offers threc main engineering problems: high velocity required to
produce turbulence, a tendency to plug tubes, and a tendency to increase
the difficulty of mixing in a large blanket or reactor vessel.

A cake is defined as an accumulation of particles on part of the surface
of the system in so dense and rigid a form that it cannot be deformed with-
out fracture. A mud is a similar dense accumulation of greater yield
strength than the circulating slurry but which can be deformed without
fracture of the accumulation.

Caking and mud formation have occurred occasionally in circulation
loops, causing plugging of tubes, hydraulic or mechanical unbalance in a
centrifugal pump, and drastic reduction in heat transfer to or from the
walls. These phenomena appear to be due to compaction of flocculated
slurry under the influence of stresses due to flow. The rigidity of a cake
or mud appears to be inversely related to the particle size.

Muds have been observed in both ThO2 and UQ3 - H20 platelet slurries.
Cakes have been observed in ThO» slurries. In one case, a - to 2-in.
layer of ThO2 cake was built up on essentially all parts of a 3-in. 200-gpm
circulating system. The cake resembled chalk in strength and consistency.
It had a density of about 5.5 g/cc.

Sphere formation occurs when a circulating slurry contains very fine
particles and appears to resemble the formation of a popcorn ball [2].
Spheres ranging in size from about five to several hundred microns in
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diameter have been made. Prolonged circulation causes an equilibrium
size to be reached which depends on the circulating conditions and the
starting material. Spheres have been formed from certain types of ThO2
in suspension, but no spheres or cakes have been observed in circulating
UO3 - H20. This may be due to the fact that the greater solubility of
UO3 - H20 prevents its remaining as extremely fine particles.

Since cake, mud, and sphere formations appear to be a result of colloidal
behavior, effective control of the colloidal behavior of a slurry will prob-
ably control the formation of such aggregates.

Plastic materials which exhibit a high yield stress require a high velocity
before they become turbulent. It is not uncommon for ThOg: slurries to
require 30 to 40 ft/sec velocity for the onset of turbulence. (It is of interest
to note that velocity by itself appears to be the most important criterion
for whether a given plastic will be in laminar or turbulent flow [3]—as op-
posed to the product of tube diameter and velocity, which is the cor-
responding criterion for a given Newtonian liquid.) Turbulence is, of
course, important in maintaining the suspension and in providing good
heat transfer.

Control or elimination of colloidal, flocculating properties of slurries
can be accomplished by additives, particle-size control, or particle-shape
control. Electrolyte additives which attach to particle surfaces may pro-
vide so strong a charge that particles cannot approach to form a floc or
gel. In true lyophobic sols, the most effective additives are often those
which produce ions of atoms or radicals of the same type as those com-
posing the particle. TFor example, ThOz or Th(OH)4+ sols of up to
4000-g/liter concentration are easily made by the addition of Th(NO3)4
solution to freshly prepared Th(OH)4. On a somewhat similar basis, addi-
tives which may form partially ionized or lyophillic surface compounds are
often effective. Very small additions of H2C204, Na2SiO3, Na3zPOy,
and NaAlO3 have been found effective at room temperatures in producing
free-flowing Newtonian slurries from high-yield-stress ThOz muds. In
most cases the effect is lost at elevated temperatures. However, coating of
the particles with a silicone compound and firing to convert it to SiO2 has
produced slurries which appear to remain unflocculated at temperatures
up to 300°C [4].

NazHPO4 or NaH2PO4 added to UOs - H2O platelet slurries has pre-
vented the formation of muds in regions where they normally form. The
latter additive is preferred, since NagHPO4 solution appears to attack
stainless steel in the presence of oxygen at elevated temperatures [5].

Evidence indicates that as the particle size increases the colloidal effects
become reduced. In the case of UO3 - H20O an equilibrium size is reached
due to the continuous abrasion of the particles and subsequent recrystalli-
zation. In ThOg, and probably in UOg slurries, the crystals are much more
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resistant to abrasion, but at the same time the recrystallization in solution
is essentially nil. ThOz produced by calcination of a plate or cube form of
Th(C304)2 retains the plate or cube form, but the particle is composed
of smaller crystals of ThO2. Violent agitation causes crystals in the
particles to break apart, after which they are free to exhibit the col-
loidal behavior of the finer particles. The higher the calcination temper-
ature, the larger the ThO: crystals. By calcination at 1600°C, crystals
in excess of 0.25 micron are produced, whereas calcination at 650°C gives
crystals of 50 to 100 A. In both cases, the over-all particle size may be of
the order of 0.5 to 5 microns. Even the material calcined at the higher
temperature exhibits a discouragingly high yield stress, however, at the
preferred concentration for a two-region breeder blanket (~1500 g/liter
at room temperature). Part of the difficulty may be due to a possible sys-
tematic arrangement of charges on the particle surface which causes actual
attraction and binding of particles into an unusually strong floc in a pre-
ferred orientation [6].

If spherical particles are used, the amount of possible common surface
between particles is limited and the permanence of mutual attachment is
correspondingly limited. In addition, if the surface is essentially uniform,
the charge arrangement might tend to repel rather than attract other
particles. Furthermore, a spherical shape permits the particles to be
larger without excessive abrasion.

Spheres made in circulating systems, as mentioned above, exhibit
Newtonian flow properties at concentrations up to about 3500 to 4000
g/liter at room temperature. At the present time they are rather friable,
although their density is of the order of 8.5. Calcining the spheres at very
high temperatures in furnaces, oxyacetylene flames, or electric arcs gives
them considerably greater integrity while retaining their noncolloidal
properties. However, at high firing temperatures (1800°C) a tendency of
the spheres to break up, owing presumably to internal stresses, has been
noted [7]. Dense spheres have been produced in small quantity by spraying
a Th(OH)4 gel which is subsequently hardened, dried, and fired.

Thus it appears that the colloidal behavior of ThO: slurries may be
minimized through the use of spherical particles, larger particles, coating
the particles with silica or some other compound, or by the use of some as-
yet-unperfected additive.

4-1.4 Engineering problems not associated with colloidal properties.
Sedimentation. One of the principal noncolloidal problems encountered
with suspensions or slurries is sedimentation which, in a flowing system, is
offset by any upward component of liquid velocity. By definition, in
idealized laminar flow in a horizontal conduit there is no upward velocity
component and the rate of settling should proceed at the same rate as in a
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stagnant vessel. In a vertical tube with laminar flow, particles tend to be
more concentrated near the center of the tube [8]. One possible explanation
may be that the particles spin in the velocity gradient near the wall in a di-
rection which would cause them to move toward the center of the tube as
the liquid moves past them. It appears possible that a similar effect could
reduce the sedimentation rate in a horizontal tube. In an inclined tube
the solids will collect on the lower side of the tube, while a channel of low
solids content will appear along the upper side. The resulting radial vari-
ation in density and possibly in viscosity distorts the normal parabolic
velocity profile and complicates computation of the local sedimentation
rate.

In turbulent flow, fluctuating radial velocities will tend to cause diffusion
from more concentrated regions to regions of lower concentration in
competition with the settling due to gravity. Although a relatively strong
diffusion tendency exists across the bulk of the conduit, the diffusion rather
suddenly begins to be damped near the wall, although some random radial
velocity fluctuations may occur essentially up to the wall. The distance
from the wall at which damping begins to become pronounced is of the
order of about 1 mm for water for velocities at 1 ft/sec, in tubes larger than
about 1 to 1 in. in diameter, and it is generally recognized by hydrody-
namicists as being approximately proportional to v/u., where u», is the
mean velocity of the fluid and v is the kinematic viscosity, about
1075 ft2/sec. Since particles in the slurries under discussion are of micron
size, rather than large fractions of millimeters, those particles which find
themselves well inside this layer above a horizontal surface may tend to
build up a sediment which becomes the solid surface from which the more
or less damped layer must be measured. This process can continue until
the diameter and velocity are reduced to the point where flow becomes
laminar and the tube is choked off completely, or until the local shear
stress becomes high enough to drag the particles along and an equilibrium
bed thickness is approached. At a given distance from the wall in the
damped region the local velocity of the liquid is proportional roughly
to the square of the mean velocity through the conduit, and the radial
velocity fluctuations in the damped regions vary in about the same pro-
portion. Therefore the mean stream velocity at which sediment tends to
accumulate is rather sharply defined for a given slurry.

It follows directly that a slurry which is flowing horizontally cannot
keep its particles in suspension unless the flow is turbulent, or unless it
is an extremely stiff flocculated mud, and even in turbulent flow a minimum
velocity may be required to prevent the accumulation of a sediment along
the bottom of a tube or conduit. Such sedimentation can occur in a reactor
blanket vessel in regions where the net velocity is extremely low.

Abrasion. A second problem is that of abrasion, which is more serious
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in the case of thorium slurries than uranium slurries. UOjs - H20 crystals
are relatively soft, and when they strike a stainless-steel wall, they tend
to break without damaging the surface of the wall. ThO2 particles, on the
other hand, appear to be sufficiently hard to abrade the protective oxide
film on stainless steel and perhaps to abrade the base metal. Continuous
removal of the film exposes the bare metal to corrosive attack by the hot
water and, in some cases, causes very serious attack. The attack is most
severe in local recirculation regions associated with flow separation and
in regions of sudden acceleration and direction change, such as in orifices,
pump impellers, and pump seal rings. Materials such as zirconium and
titanium, which form very hard oxide films, and essentially noncorrodible
metals such as gold and platinum show more resistance to ThO2 slurries
than do stainless steels. Reduction of particle size, use of round particles
rather than sharp-cornered particles, and design of components and
piping to avoid regions of high velocity or high acceleration will reduce
attack.

4-1.5 Systems and components for using slurries in reactors. The pre-
ceding discussion implies several general conclusions regarding systems and
components for using slurries. For example, the over-all system should be
kept as freec of extraneous circuits and secondary lines as possible. If
possible, the system should always tend to drain into a sump whenever
circulation stops, to prevent plugging by settled beds. Smaller side lines
should, where possible, be attached to the top of a horizontal run of the
main system to allow solids to settle into the main stream, and a minimum
size for smaller lines should be established based on the expected strength
of any reasonably conceivable settled bed. In ThOg2 or UO32 systems, all
elbows should be of at least moderately large radius, and sudden constric-
tions such as orifices should be avoided.

Mechanical pumps for ThO2 or UO2 must be leaktight, and should be
capable of handling the hard abrasive particles; this includes adequate
hydraulic design, the use of particularly resistant materials in regions of
high fluid acceleration or high velocity, and either very abrasion-resistant
bearings or essentially complete isolation of the bearings from the slurry.
Valves must be designed to operate in spite of the abrasive nature and the
settling or compacting properties of the solids; they must be leaktight to
the outside. The trim must be unusually abrasion- and corrosion-resistant
to ensure continued internal leaktightness.

Pressure-sensing instruments should not, in general, include long blind
passages of small diameters, which might easily become plugged; in ThO2
slurries, flowmeters should not include rapidly moving parts in contact
with slurries, unless bearings which are not affected by the abrasive action
of the solids are used.
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All vessels should be provided with a means of resuspending solids which
have settled to the bottom. In some vessels, a simple mechanical agitator
is sufficient. In others, steam or gas sparging can be used. In still other
cases, more sophisticated systems may be required involving, for example,
injection of an external liquid or slurry stream to induce strong internal
recirculation currents.

The following sections of this chapter represent a brief, condensed
progress and status report of the work on suspensions. This effort is con-
tinuing at an accelerated rate as their potentialities are becoming more
clearly recognized and as the problems and difficulties are becoming more
rapidly overcome.

4-2. UraniuM OXIDE SLURRIES*

4-2.1 Introduction. Preliminary studies on uranium oxide slurries for
use in a plutonium-producer reactor were carried out in the period 1940-
1944 by Vernon, Hickey, Huffman, and others, first at Columbia University
and later at the University of Chicago as a part of the Manhattan Project.
This program was discontinued before the feasibility of uranium oxide
slurries could be established, but a large backlog of information on the
properties and slurry behavior of the uranium oxides was obtained. These
studies are reported in detail by Kirschenbaum, Murphy, and Urey [9] in
a still secret volume of the National Nuclear Energy Series (III, 4-B)
which should soon be declassified. In 1951 work on the development of
uranium oxide slurries was revived, primarily at the Oak Ridge National
Laboratory. These studies were terminated in 1953 before a satisfactory
slurry was developed. The results are reported by Blomeke [10] and, in a
1955 Geneva paper, by Kitzes and Lyon [11]. Since 1953, emphasis on a
slurry fuel has centered on the development of a thorium-uranium oxide
slurry [12,13].

4-2.2 Chemical stability of uranium oxides. Both the early Manhattan
Project work [9] and the ORNL work [10] indicated that uranium tri-
oxide would be the probable stable form of uranium oxide under the
radiolytic gas formed by the radiation-induced decomposition of water in a
reactor. Uranium dioxide in an aqueous slurry at 250°C was oxidized to
uranium trioxide in the presence of oxygen overpressure and even in the
presence of excess hydrogen gas. The extent of this oxidation depended on
the oxygen pressure, and seemed to be independent of the partial pressure
of hydrogen (Table 4-1). The extent of oxidation of U3Os to uranium tri-
oxide depended on both temperature and oxygen pressure. The presence

*Information taken from reports by J. O. Blomeke (Ref. 10) and A. S. Kitzes
and R. N. Lyon (Ref. 11).
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TaABLE 4-1

OxipaTiON OF UQ2 SLURRIES UPON HEATING UNDER
VARYING PARTIAL PrREsSSURE oF HYDROGEN AND OXYGEN

Heating conditions Gas pressure Uranium
oxidized,
Temp., °C | Time, hr | Hg, psi | Og, psi %
200 48 63.5 31.8 64.9
250 16 202 74.5
16 378 82 2
24 70 61.5 78.4
24 70 175 91.4
TABLE 4-2

RepuctioN oF UO3; SLURRIES AT 250°C UNDER
VARYING PARTIAL PRESSURES oF HYDROGEN AND OXYGEN

Gas pressure Uranium
Heating time, hr reduced,
Ho, psi 02, psi %
20 263 26 3 0.5
2 378 —_ 139
24 70 35 0
68 527 26.3 0.4

of a partial pressure of hydrogen did not seem to markedly inhibit the
oxidation (Table 4-2). When a slurry of UO3 - H20 rods prepared by ther-
mal decomposition of uranium peroxide in water was heated at 250°C
under varying pressures of hydrogen and oxygen, it was unchanged in the
presence of a stoichiometric mixture of hydrogen and oxygen in the ratio
of water. It was only very slightly reduced by a tenfold excess of hydrogen
over the stoichiometric (Table 4-3). Reduction of the UO3 and U3Og
under pure hydrogen atmospheres was quite slow, although freshly oxi-
dized uranium species formed by treatment of UO2 with peroxide were
rather readily reduced with hydrogen [9].

4-2.3 Crystal chemistry of UOs. Uranium trioxide in an aqueous slurry
can exist as one of three hydrates, depending on the temperature at which it
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is maintained. In the earlier work [Ref. 9, pp. 4549, 127-131] the mono-
hydrate was shown to be the stable form between 100 and 300°C. Four
crystalline modifications of the monohydrate were described: the a form,
“large six-sided orthorhombic tablets”’; B, “‘small six-sided orthorhombic
tablets’; v, “rhombic(?) hexagonal rods”’; and 8, “triclinic crystals with a
very complicated x-ray pattern.” The a and B were stable in water below
185°C and the v and d above 185°C.

ORNL studies on preparation of uranium oxide hydrates agreed in
general with those reported in Ref. 9. The most important exception was
the inability to prepare a triclinic crystal resembling the ~UO3z - H30.
Attempts to prepare this modification resulted in the formation of bipyra-
mids or platelets, depending on the conditions. Three allomorphic modi-
fications of the monohydrate were obtained, depending on the mode of
preparation and treatment (Figs. 4-1 and 4-2). A rodlet form of UO3 - H20
was produced when the anhydrous trioxide, formed by heating uranium
peroxide at 300°C, was heated in water at 185 to 300°C (Fig. 4-2). The
rodlets were also prepared by autoclaving at 250°C for at least 16 hr a slurry
of uranium peroxide containing less than 50 ppm uranyl nitrate as an im-
purity. A platelet form of UO3 - H20 appeared when the trioxide, made
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TABLE 4-3

Ox1pATION OF U3Og SLURRIES ON HEATING FOR 24
Hours UNDER VARYING P..RTIAL PRESSURES OF
HypRrROGEN AND OXYGEN

Gas pressure Uranium
Temp., °C , oxidized,
Ho, psi Og, psi %

150 51.8 25.9 63.2
170 59.5 20.8 71.7
200 63.5 31.8 90 1
225 67 33 5 92.6
250 — 35 88.0
250 175 35 85.1
250 70 17.5 75.2
250 70 175 96.8

by decomposition of uranyl nitrate at 300 to 400°C, was hydrated at 185
to 300°C. DPulverized uranium trioxide rodlets digested at 200 to 250°C
converted to the platelet form, whereas pulverized uranium trioxide
platelets digested at 150 to 200°C transformed into rodlets. Crystals which
resemble truncated bipyramids were formed when either rodlets or platelets
were heated with water containing several hundred parts per million of
uranyl ions.

The rodlets were bright yellow in color, normally 1 to 5 microns in di-
ameter and 10 to 30 microns long; the platelets were pale yellow in color,
6 to 50 microns on edge and about 1 micron thick; the bipyramids were
also pale yellow in color and several hundred microns along each edge.

The rodlets appeared to be the same material as a ¥-UQ3 - H20 re-
ported in Ref. 9 as having an orthorhombic structure. Unfortunately, cell
dimensions were not given in this reference, and it was impossible to
establish the identity without question. Zachariasen [14] reported the
cell dimensions of two different UO3 + H20 crystals but gave no information
concerning the chemical history of his samples. He indexed both of these
structures as orthorhombic and called them a— and $-UQ; - H20, mde—
pendently of the nomenclature of Ref. 9. From the cell dimensions given
by Zachariasen the positions of all possible lines in the x-ray diffraction
patterns were calculated, thus permitting a comparison to be made with
material prepared in the present studies. It was established from this that
the rods gave the same x-ray diffraction pattern as Zachariasen’s
a-UO3 + H20 and that the platelets had the structure of his 3-UOj3 - H20.
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4-2.4 UOg + HoO slurry characteristics. Easily suspended slurries were
prepared of both the rodlets and platelets. On the other hand, the bi-
pyramids, because of their size, required violent agitation to keep them in
suspension. With rodlets or platelets, slurries could be prepared which
were dispersed and kept in suspension, by mild agitation, at both room
temperature and at higher temperatures, even though settling occurred in
stagnant water.

Slurries of the rodlets were pumped satisfactorily at temperatures below
200°C [15]. Slurries of the platelets, although easily pumped, had a tend-
ency to form soft cakes on the pipe walls at temperatures above 200°C [16].
The influence of the trace quantities of nitrate impurities which remained
in the “purified” oxides was not investigated, however.

The solubility of pure UOs - H20 in pure water is less than 10 ppm at
room temperature and is also low at high temperatures. As a result, pure
UO;3 - H2O slurries were essentially neutral. The presence of soluble
uranyl salts of strong acids lowered the pH of the slurry, however, and
increased the solubility of the oxide. In the preparation of UO3 by the
pyrolysis of UO2(NO3)2, for example, residual nitrate could not readily
be removed by a simple washing step, and slurries of such oxides released
nitrate when the crystals were broken down in a pumping system. Under
extreme conditions the increased uranyl ion concentration in the supernate
caused serious crystal growth and the formation of hard cakes in stagnant
regions [17].

4-2.5 Zero-power reactor tests. The microscopic inhomogeneity of en-
riched rodlet slurry fuel was found to offer no serious difficulty in the
operation of a zero-power homogeneous slurry reactor [9]. In this reactor,
suspension was established by a propeller type of mixer located near the
bottom of the vessel. The reactor was extremely stable at any given stirrer
speed. Changing the stirrer speed produced a change in nuclear reactivity
which was attributed to a redistribution of the oxide when the stirrer
was moving slowly, and to a change in the shape of a vortex type of con-
cavity in the slurry when the stirrer was moving rapidly.

4-3. PREPARATION AND CHARACTERIZATION OF THORIUM OXIDE
AND ITS AQUEOUS SUSPENSIONS*

4-3.1 Selected properties of thorium oxide. Thorium oxide is a white,
granular, slightly hygroscopic solid with a fluorite structure (lattice
constant — 5.5859 4 0.0005) [18] and an x-ray density of 10.06. The
Chemical Rubber Handbook of Chemistry and Physics [19] gives 10.03 as
the density of thoria. Foex [20] gives pycnometric densities for thorium

*By J. P. McBride.
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powders, prepared by firing the hydroxide, which increased with increasing
firing temperature (8.6 at 450°C; 9.4 at 725°C; 9.7 at 910°C), approaching
the x-ray density asymptotically. Foex also noted that the density of a
compacted bed of the thoria powder (3000 kg/cm? pressures) increased
with firing temperature but remained much lower than the actual powder
densities, the ratio of pycnometric density to bed density changing from
1.46 to 1.40 over the firing-temperature range of 250 to 1000°C. Thoria
powders obtained from oxalate thermal decomposition had pycnometric
densities almost identical with those prepared from the hydroxide for the
same firing temperature [21]. The melting point of thorium oxide has
been reported [22] to be 3050 4 25°C, and the boiling point has been
estimated [23] at 4400°C.

The bibliographies of reports available from the AEC on thorium oxide
in the list appended to this chapter provide sources of more detailed
information.

4-3.2 Preparation of thorium oxide. The principal method of preparing
thorium oxide for use in aqueous slurries has been the thermal decomposition
of the oxalate. Thorium oxalate, precipitated from thorium nitrate solution,
is crystalline, easy to wash and filter, and the oxide product is readily dis-
persed as a slurry. In addition, the oxide particle resulting from oxalate
thermal decomposition retains the relic structure of the oxalate, and hence
thé particulate properties are determined by the precipitation conditions.
The mechanism by which the thermal decomposition takes place has been
quite widely investigated [24-26]. The following is proposed by D’Eye
and Sellman [26] for the thermal decomposition:

ThO2 + 2C02 + 2CO
N\
Th(C:00r—g00°c
Th(CO3)2 + 2CO
ThO: 4 2CO»

Properties of thorium oxide prepared by the thermal decomposition of
oxalate are discussed in detail in Articles 4-3.3 and 4-3.4.

A satisfactory oxide has also been prepared by the hydrothermal decom-
position of thorium oxalate as an aqueous slurry in a closed autoclave at

300°C[27]: Unidentified organic

and inorganic gases

>175°C
Th(0204)2 + excess HzO I Th(OH)4 + 2H20204

ThO; - 2H20
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This preparation is characterized by a very small particle size, approxi-
mately 0.02 micron, and low bulk density, and very closely resembles the
oxide from the thermal decomposition of oxalate after the latter has been
pumped at elevated temperatures.

A third method for the preparation of slurry oxide is the thermal decom-
position of thorium formate [28]. In this procedure, thorium nitrate in
solution is decomposed on adding it to concentrated formic acid at 95°C
[29,30]. The precipitated thorium formate is washed free of excess acid
and decomposed by calcination at 500 to 800°C. The oxide from the formate
procedure is similar in its slurry behavior to that produced by thorium
oxalate thermal decomposition; however, less is known about its handling
characteristics. Because of this, the oxalate preparation method is pre-
ferred at the present time.

Experience on the preparation of oxide by the direct calcination of
Th(NOg3)4 is limited. The nitrate decomposes at about 250°C, but firing to
500°C is necessary to remove the last traces of nitrogen oxide decomposition
products. The hydrated salt goes through a plastic stage during calcination,
and the resulting oxide is sandlike and difficult to slurry. In the absence
of a grinding and size-classification step, direct calcination of the nitrate
in a batch process does not appear to be a promising preparation method
for preparing oxide for slurry.

An interesting method for producing submicron-size thorium oxide
directly from thorium nitrate is that developed by Hansen and Minturn
[31]. Their method consisted of the combustion of an atomized solution of
thorium nitrate in an ethanol-acetone mixture and collection of the resulting
thorium oxide smoke.

Micron-size thorium oxide may also be prepared by the hydrothermal
decomposition of a thorium nitrate solution at 300°C. The product from
the preparation is a free-flowing powder [32]. At temperatures much below
300°C the rate of hydrolysis is quite slow.

Brief studies made with thorium hydroxide indicated <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>