FLUID FUEL REACTORS

FLUID FUEL REACTORS
Edited by

JAMES A. LANE
Oak Ridge National Laboratory

H. G. MacPHERSON
Oak Ridge National Laboratory

FRANK MASLAN
Brookhaven National Laboratory

PREPARED UNDER CONTRACT WITH THE
UNITED STATES ATOMIC ENERGY COMMISSION

ADDISON-WESLEY PUBLISHING COMPANY, INC.
READING, MASSACHUSETTS, U.S. A.

Copyright © 1958
by
ADDISON-WESLEY PUBLISHING COMPANY, INC.
and assigned to the General Manager
of the United States Atomic Energy Commission

Printed in the United States of America
ALL RIGHTS RESERVED.

THIS BOOK, OR PARTS THERE-

OF, MAY NOT BE REPRODUCED IN ANY FORM WITHOUT WRITTEN PERMISSION OF THE COPYRIGHT OWNER.

Library of Congress Catalog Card No. 58-12600

First Printing, September 1958

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, high-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 better 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 homogeneous reactor; most of this work has been done at the Oak Ridge National Laboratory, with some phases of the work (on slurries) at Westinghouse 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, investigated at Brookhaven National Laboratory.
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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.
June 1958

A. M. Weinberg, Director
Oak Ridge National Laboratory

EDITORS' NOTE
In their work on this book the editors and
authors were assisted by representatives of
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book project officer, and DeWitt 0. Myatt
guided the styling of the art. The Technical
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put the references in final form.
The references cite a number of publications
issued by the Atomic Energy Commission.
These are available for inspection at the Commission's depository libraries in the United
States and abroad and are sold by the Office
of Technical Services, U. S. Department of
Commerce, Washington 25, D. C.
The data selected, its evaluation, and the conclusions reached in this book are wholly
the work of the authors, contrib~tors, and
editors.
June 1958

James A. Lane
H. G. MacPherson
Frank Maslan
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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 bibliography 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 engineers 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
June 1958

James A. Lane, Editor

CHAPTER I
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 (U aOs) in heavy water.
In these experiments, reported in December 1940 [1], 112 liters of heavy
water mixed with varying amounts of U 3 0 8 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 measuring 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 ± 0.07 for this system when the ratio of deuterium atoms to
uranium atoms was 380 to 1, and 1.09 ± 0.03 when the D/U ratio was
160 to 1.
Other experiments conducted at the same time by Halban and Kowarski [l]t, using U aOs 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 laboratories of the Norwegian Hydroelectric Company, and with the destruction of this plant and its D20 stockpile in 1942, this was the sole remaining
supply of purified D 20. However, it was not enough to allow a selfsustaining chain reaction to be established with natural uranium.
*By J. A. Lane, Oak Ridge National Laboratory.
tThis section is based on material supplied by W. E. Thompson, Oak Ridge
National Laboratory.
tSee the list of references at the end of the chapter.
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Even earlier (in 1939) Halban and Kowarski, as well as other experimentalists, had fairly well established that self-sustaining chain reactions
with U aOs and ordinary water are not possible [2,3,4]. Homogeneous systems of uranium with carbon, helium, beryllium, or oxygen were also considered, 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 homogeneous nor heterogeneous mixtures of U a0 8 with ordinary water would
lead to self-sustaining chain reactions, the highest values of the multiplication factor being 0. 79 for the homogeneous system and 0.85 for the heterogeneous system.
Because it was clear even by early 1942 that the only feasible homogeneous reactor using natural uranium would be one moderated with D20,
and because no D 20 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 attention to
heterogeneous reactors. By using a heterogeneous lattice arrangement
with a core of uranium metal slugs spaced inside graphite blocks and a
periphery containing U aOs 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 situation with respect to homogeneous reactors. They noted the value of 1.18
that Halban and Kowarski had obtained for the multiplication factor in a
U a0 8-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. contaiqing 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 U 3 0 8-D 2 0 experiments 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 appeared that the most favorable arrangement for a U 30s-D20 reactor
would be one in which the slurry was pumped through a lattice of tubes
immersed in D 2 0 moderator. This was especially true because the neutron
absorption cross section assigned to heavy water at that time made it appear that more than 200 tons of D 2 0 would be required to reach criticality
in an entirely homogeneous system in which the U 3 0 8 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 preparing 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 aqueous solution of a uranium compound could be made with such a density. With pure UF 6 , 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.
Qther compounds, such as uranyl nitrate dissolved in D20, were excluded 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 extremely 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 allow~d emphasis to be shifted to
less dense slurries, greatly simplifying the problems of maintaining a suspension of dense slurry, pumping it, and protecting against erosion. Experiments 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 completely homogeneous [9], one was a light-water-cooled heterogeneous arrangement [IO], and another was a D 20-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 satisfactory 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 considerably 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 evidence that D20 decomposition would be more severe in a solution reactor
where fission fragments would be formed in intimate contact with the
D 20 rather than inside a solid particle as in the case of a slurry.
Research on homogeneous reactors was undertaken at Columbia University in May 1943, and continued with diminishing emphasis until the
end of 1943, at which time most of the members of the homogeneous reactor 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" homogeneous 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 U02S04 instead of uranyl nitrate
as the fuel: there is less neutron absorption in the sulfate than in the nitrate, and the sulfate was thought to be more soluble. The latter reason
was considered important because it was feared that with the maximumenrichment 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 homogeneous 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 ·solution 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 Experiments No. 1 and No. 2 (LAPRE-1 and LAPRE-2), started in early
1955. To achieve 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 D 2 0
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 enriched-uranium homogeneous reactors primarily as a facility for producing 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 Turk.evich prepared a memorandum [16]
recommending the construction of a 50-kw homogeneous reactor containing
5 kg of uranium enriched to 12!3 U 235 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 U 233 •
(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, particularly 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 U 233 emitted more neutrons for each
one absorbed than either U 235 or Pu 239 , and the physicists were quick to
point out the possibility of establishing a U 233-thorium breeding cycle
which would create more U 233 from the thorium than was consumed in the
reactor. These potentialities were very convincingly presented in November 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 homogeneous reactor. The reactor, then, was conceived to be a prototype homogeneous 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 being
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 pressure, 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 corrosion, 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 heterogeneous reactor proposed by E. P. Wigner and his associates at the Metallurgical Laboratory. Experimental 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, physicists, 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 outlook 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 homogeneous reactors had increased further as a result of the preliminary studies
which had been started, and it was decided to establish a small development effort on homogeneous reactors. A Homogeneous Reactor Committee, 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 HRE-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 homogeneous reactor (ISHR). Further work on these reactors was deferred
late in 1953, however, when it became evident from HRE-1 and the associated 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 HRE-1 did not demonstrate
all the engineering features of a homogeneous reactor required for continuous operation of a nuclear power plant. Thus a second experimental
reactor (Homogeneous Reactor Test, HRE-2), also fueled with uranyl
sulfate, was constructed on the HRE-1 site to test the reliability of materials and equipment for long-term continuous operation of a homogeneous 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 characteristics 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 ~pril 4, 1958. Shortly thereafter, a crack in the core tank developed which permitted fuel solution to leak into the DzO 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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TABLE 1-1
LEVELS OF EFFORT ON HOMOGENEOUS
REACTOR DEVELOPMENT AT ORNL

Fiscal year

Millions
of dollars

Man-years
(technical)

1949
1950
1951
1952
1953
1954
1955
1956
1957
1958

0.15
0.54
2.2
4.1
3.4
3.9
7.7
9.1
10.0
11.5

5
15
75
127
119
133
219
238
316
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 devoted 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 conceptual 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. Industrial 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 U 233 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 producing competitive electric power. The study also indicated, however,
that considerable development work would be required before the technical 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 Pennsylvania Advanced Reactor group at that time. This proposal was later modified 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 completion by December 1963, was estimated at $108 million. The Westinghouse and Pennsylvania Power and Light Company's share of the cost
included $5.5 million for research since 1955, $57 million for plant construction, 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 development 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 H 20 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, tworegion), 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.
TABLE

1-2

HOMOGENEOUS REACTOR MATERIALS

Fuel

Fertile
material

Moderator
coolant

U02S04 + H2S04

U 238 salt

D20

U02F2+HF
U02N150a + HNOa
U02S04 + LhS04
UOa + alkali oxide + C02
UOa+HaP04, U02+HaP04
UOa+H2Cr04
U02, UOa, UaOs

U 238 oxide
Th02

H20

Corrosion-resistant
metals of primary
interest
Austenitic stainless
steels
Zircaloy-2
Titanium
Platinum
Gold

TABLE

1-3

HOMOGENEOUS REACTOR TYPES AND APPLICATIONS

Reactor designation

Power level range,
Mw heat

Fuel solution or suspension

Application

::ii

0

is::

0

0-0.05

Water boiler
--,,

Homogeneous research reactors
U236 burners
LAPRE type power reactors

One-region power converters
One-region Pu producer
Two-region Pu producer
Single-region thorium breeder

\

800-2000
40-500
1-100

500-1000
1000-2000
500-1500
500-1500

Two-region thorium breeder,
solution core

200-1000

Two-region thorium breeder,
slurry core

200-1000

Enriched U02S04 or U02(NOa)2 University nuclear research and
training
in H20
Nuclear research at ultra-high
Enriched U02S04 in D20
thermal-neutron fluxes
Enriched U02S04 in H20 or D20 Small- to large-scale power plants
in high-fuel-cost locations; mobile power plants
Enriched UOa dissolved in 60 w/o Remotely located small- and interphosphoric acid
mediate-scale power plants
Enriched U02 dissolved in 95 w/ o
phosphoric acid
Slightly enriched UOa in D20
Large-scale power production
Slightly enriched U02S04 in D20 Dual-purpose power plus plutonium production
[with or without added Li~(SO 4)]
Enriched U02S04 in D20 (core)
Dual-purpose power plus plutoDepleted U02S04 in D20 (blanket)
nium production
Enriched U236 or U233 oxide plus Large-scale power production
Th02 in D20
Enriched U 236 or U233 as U02S04 Large-scale power production and
U233 breeding or U236 to u2aa
in D20 (core) plus Th02 in D20
(blanket)
conversion
Enriched U236 or U233 oxide plus Large-scale power production and
U233 breeding or U23 5 to u2aa
Th02 in D20 (core) plus Th02
in D20 (blanket)
conversion

~

trJ

ztrJ

0
Cl
UJ
~

trJ
p..

~

0

~

UJ

p..

zt)

...,

=

....trJ
~

t)

trJ

<
trJ
t""

0

"d

is::

trJ

~

,......,
C'.l

=
>~

.....

1-2]

GENERAL CHARACTERISTICS:

HOMOGENEOUS REACTORS

13

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, U 235 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 contain a homogeneous mixtur.e of fissionable and fertile materials in a moderator. 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. Tworegion 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 corefuel 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 suspension reactors are those in which solid particles of fuel and fertile material 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, U 233 , 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 radioactive 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 production 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.

(3) Continuous plutonium recovery. Continuous removal of neptunium
or plutonium is possible in a liquid-fuel reactor. This yields a product with
a low Pu 240 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
XeI 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 enrichment, critical H20 and D20 homogeneous reactors range from 1! ft to as
large as is practicable. Correspondingly, there ill a wide range of application 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 increases the rate of corrosion of exposed metal surfaces. This limits the permissible 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; however, by virtue of this coefficient, relatively large reactivity additions are
possible through heat-exchanger mishaps and abrupt changes in fuel circulation 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 concentration is limited by solubility or corrosion effects, and in slurries, by
the effective viscosity and settling characteristics. In H 2 0-moderated
reactors, in particular, a high uranium or thorium concentration is necessary for a high conversion ratio. Concentrations up to 1000 g/liter, however, may be considered for solutions and up to 4000 g/liter for fluidized
beds.
(6) Limited operating temperatures. At the present time the operating
temperatures of aqueous solution systems appear limited because of corrosion problems at rov225°C and phase stability problems above 300°0.
Pressures encountered at higher temperatures are also a problem.
(7) Explosive 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
occur.
A comparison of the advantages and disadvantages of specific homogeneous reactors is given in Table 1-4.

TABLE

1-4

COMPARISON OF HOMOGENEOUS REACTOR TYPES

Reactor types

Advantages

Disadvantages

One-region U 235 burner,
H20 or D20 moderator

Possible elimination of chemical processing plant
Elimination of D20 requirement
(H20 moderator)
Low fissile-material inventory
(D20 moderator)
High neutron economy and low fuel costs
Low fissile-material inventory
Possible fission-product removal from core
solution
High neutron economy and low fuel costs
Elimination of zirconium as a construction
material

Relatively high fuel costs (due to burning of
enriched uranium with no regeneration) compared to homogeneous breeders and converters

Two-region breeder,
solution or slurry core

One-region Th02 slurry

One-region UOs slurry
One-region U02S04 solution

Relatively low fissile- and fertile-material
inventory
Elimination of zirconium problems
Elimination of slurry handling problems

Radiation corrosion of zirconium core tank limits
power density (may be more serious with
solution core compared with slurry core)
Slurry handling problems
Startup and shutdown of reactor may be
difficult
Slurry handling problems
Startup and shutdown problems
Slurry handling problems
May require all-titanium system
Plutonium does not stay in solution and may
deposit on walls of equipment
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1-3.1 Dilute solution systems and their applications. One-region reactors fueled with a dilute solution of highly enriched uranium or "burner
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 U 235 required for criticality and the ability to add
fuel continually.
One-region burner reactors are applicable for both small- and largescale 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
products. 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 concentrations 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 conditions and the concentrations of the various fuel constituents, such as
H2S04, CuS04, NiS04, H202, 02, etc., is necessary to avoid problems of
two-phase separation, uranium hydrolysis, and oxygen-depletion precipitation 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 U02S04 in H2S04, U02(NOa)2 in HNOa, U02F2 in HF, and UOaalkali metal oxide-C02 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 temperatures than is possible with dilute acids, with accompanying higher thermal
efficiencies. Fuel systems of this type include U0 3 in 30 to 60 w/o (weight
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percent) phosphoric acid, U02 in 90 to 100 w/o phosphoric acid, and UOa
in concentrated chromic acid. The UOa-HaP04 system, used in the Los
Alamos Power Reactor Experiment No. 1 (LAPRE-1), must be pressurized with oxygen to prevent uranium reduction. Solutions containing
phosphate-to-uranium ratios of 4/1 to 10/1 are stable up to 450°C. However, the neutron economy is poor and these solutions are corrosive to all
metals except platinum and gold. The U02-HaP04 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 U 233 or Pu 239 by absorption of excess neutrons in fertile material.
Thus the purpose of converter reactors is the production of power, fissionable material, or both. Since homogeneous reactors have to operate at
temperatures above 225°C and pressures above 1000 psi because of problems 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 U 235-U 23 8-Pu239 fuel cycle, whereas the homogeneous 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 D20) 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 production 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 absorption process. The costs of this method of recovering the plutonium,
which contains only small amounts of Pu 240 , should be considerably less
than is possible with solid-fuel reactors and conventional processing techniques. 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 consideratio.ns 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 produmion 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 DzO solutions or slurries; in these reactors, however, the U 235 is in the core and the fertile material in the blanket. Converters 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 economical 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 arid fissionable 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; however, 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 annually. 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 natural sources (i.e., uranium mined from the ground) or be produced from
neutrons absorbed in fertile material in a reactor (i.e., breeding or conversion). 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
106 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 25% 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 U233 does not occur in nature,

homogeneous thorium breeder reactors will probably start out as converters, with U 235 as the fuel and thorium as the fertile material. Oneregion reactors of this type utilize a suspension of 100 to 300 g per liter of
thorium oxide plus enriched U 235 as oxide and D20 as the moderator. In
order to maintain a breeding ratio greater than 1, fuel processing is necessary 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. Twe>-region breeder reactors would
have thorium oxide suspensions (500 to 1500 g/liter) in the blanket region and could have either a highly enriched uranyl sulfate solution
(1 to 10 g/liter) or a thorium oxide-uranium oxide slurry (200 g Th02/
liter and 10 g UOa/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 radiationinduced corrosion of the zirconium, not much is yet known about the
behavior of zirconium in a thorium-uranium slurry-fueled reactor. Calculations summarized in Chapter 10 show that both solution- and slurryfueled 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 Chapter 9.
1-6.

MISCELLANEOUS HOMOGENEOUS TYPES

1-6.1 Boiling reactors. In May 1951, following completion of the construction of HRE-1, a group at the Oak Ridge National Laboratory
focused its attention on the possibility of removing heat from a homogeneous 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 excursions, (b) elimination of fuel circulating pumps, (c) increase in the temperature 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 I-ft-diameter
cylindrical tank indicated that power densities up to 5 kw /liter might be
achieved. It soon became apparent, however, that high-pressure powerdensity 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 construct the Boiling Reactor Experiment (BRE) to answer the question of
maximum specific power at higher pressures and to investigate the operating 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 calculations, 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 boiling 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 concentrations likely to be encountered in a boiling reactor (6 to 7 ppm), reduction
of the uranium would occur 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 movement 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 boiling 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 reactors may be able to achieve average power densities comparable to those
estimated for large-sc::ile 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 reactor, 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 concentrations 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 concentrations 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 Th02 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 primarily 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 UF 6 , which has a low
parasitic capture cross section and is a gas at ordinary temperatures,
makes possible the consideration of gaseous reactors. UF 6 boils at 56.4°C
at atmospheric pressure and has a critical temperature of 252°C at 720 psi.
Although UF 6 is corrosive to most metals, it can be contained in nickel
and monel. However, the effect of radiation on the integrity of the protective film has not been studied. Considerable experience has been
gained in the handling of UF 6 in metal containers at high temperatures
and pressures.
Pure UF 6 is not a practical possibility for a gaseous homogeneous reactor 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 UF 6 in Piles" [55], show that the critical mass of
a graphite-reflected, He UF 6 , reactor is 84· kg of U 235 . About 15 tons of
helium in a 60-ft-diameter core would be required. In a recent investigation [56] of reflector-moderated gaseous reactors (Plasma Fission Reactor),
the critical mass of gaseous U 235 in a 2-ft-diameter cavity surrounded by
D 20 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 UF 6 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 6 [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 attention 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 heavywater-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 organicmoderated fluidized reactors showed promise, while the gas-cooled, the
D 20-cooled, and the fast (unmoderated) reactors were found to be less
satisfactory for application of the fluidized-bed technique.
Systems using Th02, 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 ft and a temperature rise of 50°C would require particles in the 40- to 60-micron range [64], whereas a two-region
reactor with a liquid-fluidized blanket would require particles in the 200to 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 0.10to 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
Th02 and Th02 + 0.53 CaO cylinders (cylinders prepared by calcination
at temperatures of both 1650 and 1800°C) fluidized in water gave an
attrition rate of 12 to 153 weight loss per week [66]. However, circulation tests using 10- to 20-micron Th02 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 particle 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*

Nudear characteristics refer to the conditions and material concentrations 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 concentrations 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 determined 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 important factors determining criticality are geometry; nature, concentration, and enrichment of the fuel; nature and distribution of other components 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 neutrons 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 competition 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.l Calculation methods. Since both light and heavy water are excellent 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
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where B 2 = (7r/R)2,
Dth = thermal diffusion coefficient,
D(u) =diffusion coefficient as a function of lethargy,
Pth
=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,
Uth
= u evaluated at thermal energy,
v
= neutrons emitted per fission,
~
=average lethargy increment per neutron collision,
~
=macroscopic cross section; superscript th refers to thermal
value; subscripts f, a, and t refer to fission, absorption,
and total cross sections, respectively; ~ (u) refers to ~
evaluated as a function of lethargy,
'Tth
=Fermi age to thermal energy,
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By introducing e, the "fast fission factor,'' where
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Eq. (2-1) becomes

ke-B Tth
l= l+B 2 Lrh'
2

(2-3)

where k = 7JEPthfth =infinite multiplication constant,
71 = neutrons emitted per neutron absorption in fuel,
f th = fraction of thermal neutrons absorbed in fuel,
L 2 = Dth =
thermal diffusion coefficient
th ~!h macroscopic thermal absorption cross section

Replacing the exponential term in Eq. (2-3) by (1/1 + B 2 Tth), the twogroup criticality condition is obtained as
(2-4)
Although Eqs. (2-1), (2-3), and (2-4) imply that resonance fissions in
the fuel are considered, in usual practice Eqs. (2-3) and (2-4) are used on
the basis that (EP)tuel is equal to unity. Using this assumption, the values
of E and p to be used in evaluating k are those associated with the fertile
material. In the subsequent results and discussion, calculations based on
Eqs. (2-3) and (2-4) consider that (EP)fuel is equal to unity, while calculations 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, assuming that the resonance flux is independent of lethargy and that absorptions
in fertile material produce new fuel, the BR is given by
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= thermal absorption cross section of fertile material,
=absorption cross section of fertile material at lethargy u,
= fuel absorption cross section at lethargy u.
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If resonance absorptions in fuel are neglected, the conventional two-group
formula. is obtained as
BR= ~i~rtile
~~h

(fuel)

+ 7](1 - Pfertile).
1 + B 2Tth

(2-6)

In the subsequent discussion, reference to one-region, two-group calculations implies use of Eqs. (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" extrapolation distance in specifying the radius at which the flux was assumed
to be zero. The two-group equations were written as:

~Jc<Pfc + ~: ~sc<Psc = 0,

D1c\72 <Ptc Dsc\72</Jsc - ~sc<Psc

+ Pc~!c<P!c = 0,
2
Dfb\7 <P!b ~ }:.!b<P!b + ~ }:..b<Ptb = 0,
Dsb\7 2</Jsb - ~sb</Jsb + P~Jb</Jfb = 0.

(2-7)
(2-8)
(2-9)
(2-10)

The subscripts f, s, c, and b refer, respectively, to the fast flux, slow flux,
core region, and blanket region; D is the diffusion coefficient; <P is the
neutron flux; }:. 1 refers to the effective cross section for removing neutrons
from the fast group; and~. refers to the thermal absorption cross section.
Other symbols have the same meaning given previously, with k calculated
on the basis that ( EP )fuel= 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 coretank 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
(2-11)

where i represents the ith group of neutrons, and i 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 i 1 group, corresponding to a
relatively small number of fast groups. Using about 30 groups or more,
multigroup methods [I] 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 possibility 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 calculation 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 Eqs. (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 17(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 sys1000
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Fm. 2-1. u2a5 mass and critical size of uranium light-water mixtures at 260°C.
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terns, while Fig. 2-2 gives the critical-mass requirements for U 23 5-D 20H20 systems. Initial conversion ratios for light-water systems are given
in Ref. [4].
Nuclear calculations have also been performed [5] using Eqs. (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 Th0 2,
U 233 0 2 , and D 20 at 300°0 with the value of 17 23 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 17 23 in the thermal
energy region was taken as 2.25. The value for 17Z3 in the resonance region
has not been firmly established; based on available data, 11;:.111~~ lies
between 0.9 and 1.
When the neutron leakage is not negligible and 11;:.111~~ is less than 1, a
finite thorium concentration exists for which the breeding ratio is a maximum. This is indicated in Fig. 2-4, in which the initial breeding ratio is
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given as a function of thorium concentration, reactor diameter, and relative value of 71 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 U 235, 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. 2--4,
and the value for 71~:./71~~ would be between 0.8 and 0.9.
Comparison of the above results with those obtained using a two-group
model shows that if 7lresl71th 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 71~;./71~: < 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 concentration 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 reactors 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 71(fuel) is independent
(or nearly so) of energy, or so long as nearly all the fissions are due to absorption of thermal neutrons.
To compare results obtained by different calculational methods, breeding ratios and critical fuel concentrations were obtained [6] for some tworegion, D20-moderated thorium-blanket breeder reactors using a multigroup, multiregion Univac program ("Eyewash") [1] and a two-group,
two-region Oracle program [7]. In these calculations operation at 280°C
was assumed; a -!-in.-thick Zircaloy-2 core tank separated the core from the
blanket; a 6-in.-thick iron pressure vessel contained the reactor; and absorptions occurred only in U 233 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 computed 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 71 23 in the resonance region
were considered. In one case the value of 71~. was assumed to be constant
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and equal to the thermal value.* In another the variation of 1] 23 in the
resonance region was based on cross sections used by Roberts and Alexander [10], which resulted in an 1]~8 /1]~ of about 0.95; in the third case the
effective value for 1] 23 in the resonance region was assumed to be essentially 0.8 of the thermal value of 2.30.
The initial breeding ratios and U 233 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 1'/;:. 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 1]23 ; the loss in breeding ratio due to a reduced value of 1]23
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 TJ;:. does not deviate significantly from
1'/;;. Reported measurements [11-13] of 1]23 as a function of energy indicate that for the reactors considered here, the value of 1'/;:.11'/;; would be
about 0.95; the results given by curve "a" in Fig. 2-5 are based effectively
on such a value of TJ;!.!TJ~ 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 multigroup results were also used to calculate the fast effect, E, previouscy
defined in Eq. (2-2). It was found that resonance fissions accounted for
103 to 403 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 pressure vessel) to a 6-10 reactor decreased core resonance fissions from about
143to103.
If the reactor core size is small, the two-group method does not adequately treat leakage of fast neutrons; for this case two-group results may
*The thermal value for 1723 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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Fm. 2-5. Breeding gain and critical concentration for slurry-core reactors vs.
core thorium concentration. Core diameter= 6.0 ft, pressure vessel diameter= 10.0
ft, blanket thorium concentration= 1000 g/liter, blanket U233 concentration= 3.0
g/kg of Th.

not be adequate even though 7/res is equal to 7/th· 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 "harmonics" 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 13% of the fissions were due to neutrons
having energies above thermal.
A comparison [15] of the U 235 critical concentrations predicted by the
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Fm. 2--6. Comparison of critical concentrations obtained for various slowingdown kernels in D20. Core radius= 39 cm, total age= 237 cm 2 for all kernels,
diffusion length of pure moderator, Lo 2 = 40,200 cm 2 • Fuel only in core.
use of different slowing-down kernels in D20-moderated rea:ctors is shown
in Fig. 2-6. In .the age-Yukawa kernel [given by (e-r•1 4r1/(47rr 1 ) 3 12) X
(e-rlv:;=;/41T'Tzr)], the "age" parameters were taken to be 158 cm 2 for r 1
and 79 cm 2 for Tz. For both the age kernel (given by e-r•1 4 r /(47rr) 3 ' 2)
and the Yukawa kernel (given by e-r/Yr/41T'T r), Twas taken to be 237 cm 2.
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.

NUCLEAR 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 sections [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 fundamental 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 Zircaloy-2 used in two-group calculations for thorium breeder reactors [18].
TABLE

2-1

THERMAL MICROSCOPIC ABSORPTION CROSS
SECTIONS AT VARIOUS TEMPERATURES

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

Neutron velocity,
2200 m/sec
Ua,

u2aa
u2a4
u2as
u2a6
u2as
Pa2aa• [19]
Th232
Pu239
Pu240*
Pu241

s
Li7 (99. 983) [20]

588
92
689
6
2.73
60
7.45
1025
250
1399
0.49
0.23

20°c

100°C

280°C

460
72
515
4.7
2.15
130
5.85
905
700
1118
0.39
0.18

376
59
411
3.9
1. 76
130
4.81
950
1000
952
0.32
0.15

barns [17]
526
82
595
5.3
2.42
130
6.60
975
600
1240
0.43
0.20

u" barns [17]
u233
u23s
Pu2ag
Pu241

532
582
748
970

472
506
711
860

412
438
660
776

337
350
693
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 Pa 233 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 MACROSCOPIC ABSORPTION CROSS SECTIONS
AND DENSITIES AT VARIOUS TEMPERATURES

[18]

(Corrected for Maxwell-Boltzmann distribution on basis of 1/v cross section)
Element
~a(H20)
~a(99. 75% D20)
~a(Zircaloy-2)

p(D20)
p(H20)

20°c

100°C

280°C

0.0196
8.02X 10- 5
0.00674
1.105
1.000

0.0167
6.85X 10- 5
0.00598
1.062
0.962

0.0107
4. 44 X 10- 5
0.00491
0.828
0.749

temperatures. All cross sections listed under the columns headed by °C
have been corrected for a Maxwell-Boltzmann flux distribution.
Values of 7J and v for the various fuels, and the fast and slow diffusion
coefficients for Zircaloy are given in Table 2-3.
TABLE 2-3
SOME NUCLEAR CONSTANTS FOR
URANIUM, PLUTONIUM, AND ZrncALOY-2

Values of 71 and

JI

for U and Pu [21]

Element

71

JI

u2aa
u2a5
Pu239
Pu241

2.25
2.08
1.93
2.23

2.50
2.46
3.08
3.21

Diffusion coefficients for Zircaloy-2: [22]
D1 D2 0. 98 for all temperatures,
where D1 fast diffusion coefficient,
D2 slow diffusion coefficient.

= =
=
=
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Data for two-group calculations are summarized in Table 2-4 for T, D1,
D 2 , and p as functions of fertile-material concentration in mixtures of
TABLE 2-4
Two-GROUP NucLEAR CONSTANTS* FOR D20-MoDERATED
SYSTEMS AT 280° C [18]
Fertile-material concentration,
g/liter

cm 2

D1,
cm

D2,
cm

p

0
100
250
500
1000

212
212
213
213
215

1.64
1.62
1.60
1. 56
1. 50

1.24
1.23
1.22
1.20
1.16

1.000
0.909
0.82.5
0. 718
0.554

0
100
250
500
1000

212
200
189
179
173

1.64
1.57
1.49
1.40
1.28

1. 24
1. 20
1.15
1.10
1.04

1.000
0.87.J
0.801
0.720
0.59.J

212
198
185
173
165

1.64
1.55
1.45
1.33
1.18

1.24
1.19
1.13
1.07
0.99

1.000
0.873
0.797
0.70.J
0.525

T,

Th (in ThOrD20)

U 238 (in U02SOcD20)

U 238 (in U02S04-Li2SOcD20)t

0
100
250
500
1000

*r =Fermi age; D1 =fast diffusion coefficient; D2 =slow diffusion coefficient;
p = resonance escape probability.

tLi2S04 molar concentration equal to U0 2S0 4 molar concentration.

fertile material and heavy water (99.753 D20) at 280°C. Materials considered are Th02-D20, U02S04-D20, and U02S04-Li2S04-D20 where
the molar concentration of Li2S04 is the same as the U02S04 molar concentration. Reference [18] gives corresponding data at other temperatures
and also gives some values for the case of H 20 as the moderator.
The diffusion coefficients and ages were calculated by a numerical integration procedure [8]. The fast diffusion constant, D 1 , and the Fermi
age, T, are based on a l/E flux distribution, and the slow diffusion constant, D2, is based on a Maxwellian flux distribution.
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2-2.2 Resonance integrals. Formulas used in calculating resonance integrals (RI) are given below.
For U 238 :
RI= 2.69 ( N2::.28 )°'471 ,

163
ln RI= 5.64 - (2::./N 28 ) 0. 65 ,
RI(oo)

2::

0 ;;§ N;B

;;§

4 x 103 ,

2::.
N2s> 4 X

1Q3

= 280 barns.

(2-12)

'

(2-13)
(2-14)

For Th 232 :
RI= 8.33 ( N2::.02 )°'253 ,
RI = 70 barns,
RI(oo)

= 70 barns.

2::

0 ;;§ N;2 ;;§ 4500,

(2-15)

2::.
No2 > 4500,

(2-16)
(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 twogroup 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 material balances on Th, Pa 233 , U 233 , U 234 , U 235, U 236 , fission-product poisons,
and corrosion products. (The uranium isotope chain is normally cut off at
U 236 since this is a low-cross-section isotope, and neutrons lost to the successors of U 236 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 U 235 , U 236,
u23s, Pu 239, Pu240, and Pu 241 ; 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 conditions 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 fractionpoison 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 (U 233 ) and
fertile material (Th 232 ) in the core and blanket. Similar considerations
apply to uranium-plutonium converter reactors. The breeding or conversion 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 determined 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 conditions. 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 somewhat 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 (99.753 D20), beryllium, and Th02-heavy water suspensions. 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 !-in-thick Zircaloy-2 core tank was assumed to
separate the core and blanket in all reactors, and the value of 7) 23 was
taken as 2.32. (A more accurate value of 7) 23 is presently considered to be
7J = 2.25.) No account was taken of fission-product-poison buildup, protactinium losses, or fuel buildup in the blanket. The results obtained [23]
indicate that the breeding ratio increases for any core diameter by replacing either a D20 or Be blanket with one containing Th02; no significant increase in breeding ratio is obtained by increasing the blanket
thorium concentration above 2 kg Th/liter; for reactors with fertile material in the blanket, the breeding ratio and wall power density increase
with decreasing core diameter.
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Frn. 2-7. Effect of core thorium concentration on breeding ratio and wall power
density of two-region slurry reactors. 7J 2.25, total reactor power= 100 M w
(heat), pressure vessel= 10 ft ID, U 233 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 ri 23 was considered to be 2.25, and that the U 233 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-Th02-U 233 03 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

SL URRY-REACTOR

2-5

CHARACTERISTICS

Pressure-vessel inside diameter, ft
Core inside diameter, ft
Core thorium concentration, g/liter
Blanket thorium concentration, g/liter
Blanket U 233 concentration, g/liter
Total power, Mw
Blanket power, Mw
Critical core concentration, g U 233 /liter
Breeding ratio
Power density at core center, kw/liter
Power density at core wall, kw /liter
Flux at core center X 10-14
Neutron absorptions in core wall, %

10
7
100
1000
3
100
8.5
3.0
1.18
43
5.4
5.5
0.7

10
7
200
2000
5
100
4.2
6.0
I. 21
45
4.9
2.9
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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2-6

BREEDING RATIO IN 10-FT-DIAMETER
ONE-REGION REACTORS (ZERO POISONS)

Thorium concentration,
g/liter

Breeding ratio

100
200
300

0.875
0.993
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 1% of the total absorptions. The variations
of breeding ratio and wall power density with core size, thorium concentration, and blanket U 233 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 U 233 /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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Fw. 2-8. Effect of blanket U233 concentration on breeding ratio and wall power
density of two-region slurry reactors. T/ = 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 U 233
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 233 in the core decreases with decreasing core thorium concentration
and with increasing core diameter, and varies only slightly with changes
in blanket thickness, blanket U 233 concentration, and blanket thorium
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Fm. 2-9. Effect of core thorium concentration on U 233 critical concentration,
ratio of U 233 to Th required for criticality, and fraction of total power generated in
blanket for some two-region slurry reactors. 17 23 = 2.25, pressure vessel = 10 ft
ID, poison fraction= 0, U 233 in blanket= 3 g/liter, temperature 280° C.

=

2-3]

49

STEADY-STATE FUEL CONCENTRATIONS

concentration. The fraction of total power generated in the blanket increases
nearly linearly with increasing blanket U 233 concentration, increases with
decreasing core diameter, and also increases with decreasing core and
blanket thorium concentrations. Finally, the U 233-to-thorium ratio required 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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The breeding ratio, the power density at the core wall for a given total
power, and the r~quired 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 !-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, U 233 , and 63 fraction poisons in the core region and D20,
U 233, and 1000 g Th/liter in the blanket region. Figure 2-10 gives the
breeding ratio and the maximum power density at the core wall (core side)
as a function of reactor length for different core radii and blanket fuel concentrations. The highest breeding ratios are associated with small core
radii, thick blankets, and long reactors; however, these reactors also have
relatively high power densities 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 concentrations were higher, as expected, so that the average flux was lower
for the cylindrical geometry. Although the maximum core-wall power
density decreased with increasing cylinder diameter, 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 73 core poisons, 3 g of U 233
per liter and 1000 g of Th per liter (as Th0 2) 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 concentration 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 decreased the power density by 363. However,
the blanket and core fuel inventory increased by about 403.
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 concentrations.

TABLE

2-7

BREEDING RATIOS, CORE-WALL POWER DENSITY, AND CRITICAL

U 233

CONCENTRATION FOR CYLINDRICAL REACTORS OF VARIOUS HEIGHTS

Core diameter, ft
2.l2

Height of
core, ft
u233

'
g/liter
3.5
4.8
6.0
6.8
8
10
12

6.5
6.2
6.0
5.8

Breeding
ratio

1.13
1.13
1.13
1.13

3~

3
Power
density,*
kw/liter

36
31
26
21

u233

'
g/liter

Breeding
ratio

Power
density,*
kw/liter

4.6
4.2

1.12
1.12

29
24

3.9
3.7
3.6

1.13
1.13
1.13

18
15
13

*Core-wall power density, based on total reactor power of 60 Mw (heat).

u233

'
g/liter

Breeding
ratio

Power
density,*
kw/liter

4.1

1.10

25

3.0

1.12

16

2.7
2.6
2.5

1.12
1.12
1.12

12
10
8
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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
U 233 concentration.
TABLE 2-8
CHARACTERISTICS OF INTERMEDIATE-SCALE (HRE-3)
Two-REGION REACTORS (EQUILIBRIUM CONDITIONS)

(;ore diameter, ft
Pressure vessel ID, ft
Blanket thorium, g/liter
Blanket U 233 , g/kg Th
(;ore poison fraction
(;oncentration of U233,
g/liter (core)
(;oncentration of U 23 5,
g/liter (core)
Breeding ratio
(;ore-wall power density
(inside), kw /liter
(;ore cycle time, days
Blanket cycle time, days
(;ore power, Mw (heat)
Blanket power, Mw (heat)

4
8
500
3.0
0.07

4
8
1000
3.0
0.07

4
9
500
3.0
0.07

4
9
1000
3.0
0.07

5
9
1000
3.0
0.07

3.68

4.04

3.63

4.02

2.19

0.41
1.041

0.39
1.094

0.37
1.086

0.37
1.123

0.21
1.089

27
833
220
51.5
10.0

23
901
371
51. 9
9.6

27
817
288
51.0
10.5

23
893
504
51. 7
9.9

10
616
486
51.2
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, u235, u235
Th
Pa233
Poisons
Heavy water
Fast leakage
Slow leakage

74.7
9.2
9.1
0.7
5.2
0.9
2.1

76.4
8.2
8.1
0.4
5.3
0.8
1.6

74.6
8.4
8.3
0.4
5.2
0.9
2.1

76.4
7.8
7.6
0.3
5.3
0.8
1.6

75.3
8.2
8.0
0.4
5.2
1. 6
2.4

16.2
0.1
95.8
0.9
0.4
0.5
4.3
3.4

15.5
0.1
101. 7
0.5
0.4
0.2
3.6
0.9

17.1
0.1
100.9
0.7
0.4
0.5
2.2
1. 7

16.0
0.1
104.8
0.4
0.4
0.2
1. 6
0.4

16.6
0.1
101.0
0.4
0.4
0.2
3.0
0.8
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(4) The poison fraction due to samarium is 0.8%; that due to xenon
is 1% [poison fraction is the ratio of ~a(poison)/~; 1 (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
1.14 . . - - - - - , . . . . - - - - , . . . . - - - - . , - - - - - . . - - - - - . . - - - - - - - ,
Thorium in Blanket,

g/liter

1.12

1.10
0

! 1.08
"'c

1:! l.06

"'

1.04

1.02

1.00'------'-----'-----'-----'-----'------'
9
11
10
8
Inside Diameter of Pressure Vessel, ft

FIG. 2-11. Breeding ratio as function of pressure vessel size for various core
diameters and blanket thorium concentrations. Core poison fraction= 0.07, corrosion products= 0, copper concentration= 0, blanket U 233 = 3.0 g/kg of Th,
71 23 = 2.25, mean temperature= 280°C, equilibrium isotope concentrations.

balances are normalized to 100 absorptions in U 233 and U 235 ; therefore the
numerical values represent approximately the percentage effects of the
various items on the breeding ratio (however, the effect of Pa 233 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 H20, 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, fpc
(ratio of absorption cross section of poisons to fission cross section of fuel),
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FIG. 2-12. Effect of core poison fraction on breeding ratio. Core diameter= 4 ft,
blanket U 233 = 3.0 g/kg of Th, 7] 23 = 2.25, mean temperature= 280°C, equilibrium
isotope concentrations.

on breeding ratio is shown in Fig. 2-12. The results indicate that for these
reactors the change in breeding ratio with change in poison fraction can
be estimated from the relation
(2-18)
~BR= -0.75 ~fpc·
Achievement of a xenon poison fraction of 0.01, as postulated in the
computations for Fig. 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 Eq. (2-18), the
breeding ratio would be reduced by about 0.03 below the values given in
Fig. 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 thickness were altered, the losses would be changed proportionately.
Absorptions in copper. Copper can be added to act as a recombination
catalyst for decomposed \Yater. Ko allowance for neutron absorptions in
the copper recombination catalyst mls made in these computations. The
poison fraction attributable to copper in various concentrations and the
effects on breeding ratio (~BR) are estimated in Table 2-9. For other
copper concentrations the poisoning effects would be proportionate to the
values in Table 2-9.
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2-9

EFFECT OF COPPER ADDITION ON BREEDING RATIO

Core
diameter,
ft

Copper
concentration,
g-mole/liter

Poison
fraction

LiBR

4
5

0.01
0.01

0.004
0.008

- 0.003
- 0.006

The copper concentration required for 1003 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 20 contamination. Any H20 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 0.253 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 603 were in H2. Thus
0.253 H20, 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 concentrations of H20 would cause changes in breeding ratio proportionate to the
values in Table 2-10.
TABLE 2-10
EFFECT OF

H20

CONCENTRATION ON

BREEDING RATIO

Core diameter, ft
4
5

I

H20 concentration

LiBR

1. 0% (36 liters)
1.0% (44 liters)

-0.02
-0.04

A specified volume of H20 added to the blanket has much less effect on
breeding 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 ft 2 , corrosion to an average depth of
0.001 in. would remove 250 lb 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 chromium would precipitate and be removed by hydroclones. If the hydroclones 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 solution) amount to about 153 and 93, 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
(LiBR = 0.03) in a 4-ft core, and 0.08 (LiBR = 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 corrosion products are assumed to change to isotopes of the same cross section upon neutron capture, the following relations are obtained under
equilibrium conditions:
fp = 0.04 X RX (Tc/365)

(Core ID= 4 ft),

(2-19)

fp = 0.08 X RX (Tc/365)

(Core ID= 5 ft),

(2-20)

where f P is the equilibrium core poison fraction from corrosion products, R
the mean corrosion rate in mils/yr, and Tc 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 appreciably affect the breeding ratio, even if they remained in suspension.
Owing to the dilution effect associated with the large external volume, corrosion 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 uraniumplutonium systems are U02SOrD20, U02(N03)z-D20, and U03-D20.
Of these, the system which gives the highest conversion ratio is the one
containing U0 3-D20. However, because of the relatively low values for
17(U 235 ) and 17(Pu 239 ), it is presently considered that the attainment of a
conversion ratio as great as unity under equilibrium conditions is impractical 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 U 235 ) into the blanket region, and plutonium (obtained by
processing the blanket) into the core region.
The reactor system considered here is one containing U03, Pu02, and
DzO; steady-state concentrations of U 235 , U 236 , U 238 , Pu 239 , Pu 2·10 , and
Pu 241 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 characteristics for
TABLE 2-11
DATA FOR Two-REGION, U03-Pu02-D20 REACTORS OPERATING AT 250° C,
HAVING A CORE DIAMETER OF 6 FT, A BLANKET THICKNESS OF 3 FT, AND
VARIABLE BLANKET-FUEL ENRICHMENT
U 235 /U 238 in blanket
Blanket U cone., g/liter
Pu239 /U 238 in blanket
Pu24D;u23s in blanket
Pu24 1/U 23B in blanket
Feed enrichment, u23~ /U
Blanket power, Mw

0.0026
500
0.0010
0.00013
0.00002
0.0031
247

0.0035
500
0.0018
0.00041
0.00007
0.0047
411

0.0040
500
0.0022
0.00060
0.00011
0.0058
519

Core power, Mw
Core Pu cone., g/liter
Pu2 4D/Pu 249 in core
Pu 241 /Pu 249 in core

320
1. 66
0.99
0.35

320
1.48
0.99
0.35

320
1.40
0.99
0.35

Fraction of fissions in U235
Fraction of U consumed
Total power, Mw (heat)

0.25
0.017
567

0.28
0.016
731

0.30
0.015
839

I

two-region, U0 3-Pu0 2-D 20 reactors having a core diameter of 6 ft and an
over-all diameter of 12 ft, and having various U 235 /U 238 ratios in the blanket
reg10n.
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 IO-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 experience 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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FIG. 2-13. Breeding ratio vs. thorium concentration for one-region reactors of
various diameters. Poison fraction= 0.08, 7] 23 = 2.25.

2-3.6 Equilibrium results for one-region thorium breeder reactors. Results 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). Figure 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 significantly even for 14-ft-diameter reactors. Although breeding ratio can be
increased by increasing the thorium concentration, there is an accompanying 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 concentration for a 14-ft-diameter reactor are given in Fig. 2-14. This diameter
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Fm. 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 corresponding 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 m
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 71's for U 235 and Pu 239 are lower than for U 233 , it is more
difficult to attain a conversion ratio of unity in U-Pu systems than it is in
U 23 3-Th systems. It is still possible, though, for U0 3-Pu0 2 -D 2 0 systems
to operate on natural-uranium feed, as evidenced by the results for tworegion reactors. Minimum fuel costs (based on 71 41 = 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 U 23 5 [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 fraction of 73 in the reactor core. Fuel 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
1.53 u235.
2-4.

UNSTEADY-STATE FUEL CONCENTRATIONS AND BREEDING RATIOS

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
REACTOR CHARACTERISTICS FOR SOME ONE-REGION,
UOrPu02-D20 REACTORS* OPERATING UNDER
EQUILIBRIUM CONDITIONS
Reactor temperature, °C
U cone., g/liter
u2as cone., g/liter
U236 cone., g/liter
Pu2 39 cone., g/liter
Pu2 40 cone., g/liter
Pu24I cone., g/liter
Initial enrichment (no Pu),
U235 /U (total)
Steady-state enrichment,
U235 /U (total)
Steady-state feed enrichment,
U235 /U (total)
Fraction of fissions in u2as
Fraction of U consumed

250
334
2.65
0.39
3.43
3.39
1.21

250
253
1.47
0.22
1. 74
1. 72
0.61

250
170
0.83
0.12
0.84
0.83
0.30

300
183
1.35
0.20
1.08
1.17
0.41

0.0116

0.0106

0.0098

0.0140

0.0081

0.0059

0.0050

0.0073

0.0153

0.0113

0.0096

0.0136

0.24
0.018

0.25
0.017

0.29
0.015

0.31
0.014

*Reactor diameter= 15 ft; poison fraction = 7%; reactor fuel returned to diffusion plant for re-enrichment; tails from diffusion plant are assumed to have U235
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 concentrations of U 233 , U 234 , U 235 , U 236 , Pa 233 , and fission-product poisons were
obtained. Calculations were first confined [32] to solution-core reactors
initially containing either U 233 or U 235 , and generating a core power of
50 Mw. Core and blanket Thorex processing was considered only when the
initial fuel was U 233 . 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. Fixed core poisons in terms of percentage of
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core fission cross section were: samarium group, 0.83; xenon group, 13;
copper, 0.83; poisons removable by hydroclones, 13. Fixed blanket
poisons were: samarium group, 0.83; xenon, 13. 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 mentioned, with either U 233 or U 235 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 U 23 5-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 (83 for the U 233 reactors),
processing of the core solution was started. The processed core-fuel stream
was considered mixed with the processed blanket stream; part of the mixture was used as core feed while the excess was drawn off as excess fuel.
The calculations were continued until most of the concentrations approached equilibrium values. Time lags due to chemical processing holdups
were neglected. The chemical processing rates employed were those calculated earlier for equilibrium reactors [27].
The curves in Fig. 2-15 show results for some representative U 233-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 processing starts. Although blanket processing, begun at 490 days, arrests the
growth of U 233 in the blanket rather suddenly, the slope of the breedingratio curve does 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 83 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 U 233 -fueled reactors, U 23 5 reactors show quite a different variation of
breeding ratio with time, due to changes in the effective 'T/ for the system.
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FIG. 2-15. Nuclear characteristics of a 60-M w (heat) two-region U 233 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 U 233-fueled
systems. This is primarily due to the relatively low value of 7] 25 compared
to 1/23 (7/ 2 3 = 2.25 while 7] 2 5 = 2.08). As U 2 33 builds up in the blanket of
a U 235-fueled reactor, the average value of 1/ 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, U 233 or U 235 , remained relatively constant despite sizeable changes in other concentrations. Second, the protactinium 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 FUNCTION OF TIME FOR A U 233-FuELED REACTOR
AND FOR A U 235-FuELED REACTOR
(Core diameter= 4 ft; pressure-vessel diameter= 9 ft; Th02 concentration m
blanket= 1000 g/liter; solution core, total power= 60 Mw of heat)
Time, days

I

u2aa

I

u2a4

I

u2as

I

u2a6

I

U total

Concentrations of isotopes for U233 fuel, g/liter

0
200
500
920
2000
3000
Equilibrium

3.75
3.77
3.74
3.91
3.98
4.02
4.02

0.33
0.74
1.29
2.06
2.40
2.74

-

0.02.
0.07
0.14
0.26
0.31
0.37

-

0.01
0.04
0.18
0.34
1.57

3.75
4.12
4.56
5.38
6.48
7.07
8.07

Concentrations of isotopes for U 23 5 fuel, g/liter

0
200
500
900

-

-

-

-

-

4.21
4.19
4.12
4.03

-

0.57
1.43
2.54

4.21
4.76
5.55
6.57

While chemical processing sharply discontinues the growth of U 233 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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g Th/liter
9
9
8
9

1000
500
1000
1000

Equilibrium
value of blanket
power, l\Iw

Peak value of
blanket power
l\Iw

Time at which
peak value
occurs, days

9.G
10.4
9.3
10.0

10.8
12.5
10.8
11.5

520
350
380
490
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FIG. 2-16. Variation with time of U 233 , U 23 4, and Pa 233 in the core, u 2a3 and
Pa233 in the blanket, breeding ratio, and core and blanket poison fractions as functions of time for a two-region 60-Mw thorium breeder reactor. Core thorium concentration = 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 Fig. 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. Equilibrium 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
U 234 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 U 233 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 75% 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 hydroclone separation, the core poison fraction still takes two or more years to
reach a 7% 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. However, 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 U 233 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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Fm. 2-17. Comparison of breeding ratios and U233 core concentrations for tworegion breeder reactors with various core-thorium concentrations. Core diameter
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g/liter, blanket processing started when U233 blanket concentration reached
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growth of fuel in the blanket than slurry-core machines. The latter have
less thermal leakage from core to blanket, and core-poison and higherisotope 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 comparatively 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°0. Concentrations of U 235 , Pu 239 , Pu 240 , and Pu. 241 , and the fraction
of fissions due to U 235 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
FOLLOWING REACTIVITY ADDITIONS

Reactor kinetic studies are usually broken down into investigations of
reactor safety and reactor stability. Both safety and stability are determined 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 refers to the events which occur as a result of subsequent power
surges. By these definitions, it is possible that a reactor can safely withstand 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 concerned 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 associated 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 demanded unless a control system is used in which an increase in reactor
pressure leads to ejection of fuel from the core region. Alternatively, powerdemand 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 possible 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 involve a time element. Since it appears desirable to allow continuity of
physical operations, the safety design criteria should be applicable to continuous, 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 temperature 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 be 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 interval. 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
dP =
dt

[k.(1 - /3) - l]p + {}_
l

l

p

(2-21)

o,

where k. = effective multiplication constant,
P = reactor power,
Po= P evaluated under initial conditions,
t =time,
{3 = effective fraction of fission neutrons which are delayed,
l =average lifetime of prompt neutrons.
The appropriate value for {3 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
k.

where

b

=

1

+ ~ + bt + ~; (p -

po),

=linear rate of reactivity addition to reactor,

ok.
op =

(2-22)
~k./sec,

d ens1ty
· coeffi cien
· t 0 f react1v1ty,
· ·

~=instantaneous reactivity addition,
p - po= deviation of the average density of fuel fluid from its initial 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 assumed, 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
(2-23)

where A = cross-sectional area of relief pipe,
Ve= volume of core region,
U - U 0 = 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 pressurizer 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
(2-24)

where n1 =resistance coefficient associated with velocity U,
A (x) = cross-sectional area of relief pipe,
Oc
= dimensional constant,
Pc
= 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

where

= ~~[(T-

To)(- t~)+ pol
p-

(2-25)

p = pressure rise in core,
T - To= deviation of the average core-fluid temperature from its
initial value.

Relations are still needed between T and P and between PP and p.
Assuming isentropic compression within the pressurizer, PP is approximated by
Po- P Ve
PP - Po= npo - - - -V '
Po
P

where

(2-26)

VP = 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 capacity 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

dT
Scdt=P-Po,

(2-27)

where Sc= 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 maximum 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
2
m2F [ 0.385m+'Yt( 1 +
m - +--•
C 2m
(2-28)
Prnax=2
2Wh"f2
4'Y3
'Y2

F)]

where
measure of effect of pressurizer volume upon core pressure rise, dimensionless,

F
m

A - {3 =instantaneous prompt reactivity addition divided
by l, sec-1,
= -l-

Pmax =maximum pressure rise, lb-force/ft2,
'YI

- lL

n1U o

A

0

'Y

2

= ~

-

dx '

normalized friction coefficient in core relief line,
sec- 1

A(x)

(dp)(ok·)· normalized
conversion factor between net core
density change and core pressure rise, ft 2/sec-lb

l dp

op

--v:z- (ok.)

force,

_ U oAPo
'Y3 op , sec

_'
2

W

2h

= gc(dp/dp) sec-2
L dx'
.
Ve o A(x)

l

Results obtained from Eq. (2-28) have compared favorably with numerical
integration of Eqs. (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 homog.eneous systems, it appears 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 reactivity addition, b, to its equivalent instantaneons reactivity addition,
llkeq· This relationship is given by the following equation:
(2-29)

w2n
Xpc

ok.)
_
oT Po
Sc' sec '

_ 1(

2

- I -

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

=

flkeq - {3
l

_
•Sec,1

llkeq =equivalent instantaneous !lice associated with rate of reactivity addition,
~

= b/l, sec- 2 •

The value for

Xpc

is obtained from the equation

= e-M,/2~ + v
2

Xpc

where M,

=

1 - k.(O)
l

+ {3

_ ,-

7r

Ms

~er

f ( M. )

V2~ '

(2-30)

'

k.(O) = initial value of k•.

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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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 concentration or distribution. In sliirry reactors, large changes in reactivity
can result from settling of the fertile material. The results [37] of twogroup, two-dimensional, two-region calculations are shown in Table 2-15
for a cylindrical reactor containing highly enriched U02S0 4 in a 5-ftdiameter core region, and Th02 in a 2t-ft-thick blanket region. The average 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 0.02% !::..k./sec. These rates are well within permissible
rates of reactivity addition; however, if settling took place over a period
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2-15

REACTIVITY CHANGE AS A FUNCTION OF SLURRY SETTLING

Initial thorium concentration
in blanket, g/liter

Percentage of
reactor height
slurry has settled

Calculated reactivity
change,.
3 tlk.

1000
1000
500
500

30
50
30
50

+2.8
10.2
2.1
8.7

0.98
12 It
200g Th/liter
initially

i 0.96
~

10% Poisons

]

u
.I! 0.94
~

c

12 It
200g Th/liter

~

"'6

initially

"

~ 0.92

No Poisons

~

.!!

12 It
300 g Th /liter
initially
10% Poisons

c

"' 0.90

0.88

0.86 .___ __.__ _ _.___ __.__ ___..__......__
0

24
16
Settled Distance (in.)

32

_.__ ___.
40

48

Fm. 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 D20-Th0 2-U233 0a 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 generation of hydrogen and oxygen from the decomposition of water represents a
possible explosion hazard. If the fuel contains no catalyst for recombination, 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 associated 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 recombination 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 decreasing 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. However, 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 following 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 undesirably high values. The possibility of an instantaneous rupture of a high
pressure steam line, however, is remote, based on experience in conventional 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 oscillations 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 135 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
Xe135 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 m
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 introduce 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 Eqs. (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 fluidflow effects are considered in which the average fuel-fluid temperature is
the linear average of the core inlet and outlet temperatures. Heatexchanger 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

f3(

!3)] > ('Y1+y13)2l+c
w;

{3 [ wx(l+C2)+y 'Y1+y
'Ytz

2

>

0.

(2-31)

Since all quantities are positive, the last inequality is always satisfied.
By replacing the other inequality with an equal sign and fixing all parameters 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 'Yt· Stable operating
conditions are those lying above the appropriate curve.
The above treatment neglects any effects that fluid transport and heatexchanger 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 Fig. 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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FIG. 2-21. Stability criteria for homogeneous circulating reactors. 'YI= normalized 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 equations 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 aperation of the
HRE-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.

00
0

TABLE

2-16

EFFECT OF XE 135 UPON REACTOR CONDITIONS FOLLOWING SHUTDOWN AND RETURN TO POWER

Reactor
diameter,
ft
4
4
4
4
4
-

00

(a)

(b)

<Po

p
Po

lQ13
lQ14
lQ14
lQl5
lQl5
lQ15

0
0.1
0
0.1
0
0

(c)
1 dN

(d)
dk.

-Nd!'

di'

sec- 1

sec- 1

3.0 x
6.8 x
8.5 x
6.9X
3.5 x
6.9 x

10- 5
10- 5
10- 5
10- 4
10- 4
10- 4

7 .4 x 10- 7
1. 7 x 10- 5
2.1x10- 5
1. 7 x 10- 4
8.6 x 10- 5
3.6 x 10- 4

(e)
!:ik.,

3
0.86
9.0
13.
17.
33.
52.

(f)
!:iT,

(g)

0

oc

lmin,

trj

2
20
30
60
v. large
v. large

10
5
5
1
3
2

hr

(a) Initial value of thermal flux before shutdown; averaged over high-pressure system;
neutrons/ cm 2 ·sec.
(b) Power during shutdown relative to power before and after shutdown.
(c) Relative rate of change in U 235 concentration required to maintain criticality at time of
return to power (no change in fluid temperature).
(d) Rate of reactivity addition due to xenon burnout at time of return to power.
(e) Estimate of reactivity associated with removal of Xe 135 at time of maximum xenon
concentration.
(f) Estimate of fluid temperature decrease if reactivity addition associated with xenon buildup
were compensated by fall in reactor temperature.
(g) Estimate of the time required for xenon concentration to reach a minimum value following
return to power.
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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 linearized 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 feedpump 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 Xe135 upon reactor behavior. If reactors are operated with complete 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 Xe135 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
U 235 , heavy water, 11 35 , and Xe 135 , and operating at initial fluxes of 1013 to
1015 neutrons/(cm 2 )(sec). For 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 reduction. 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 11k./sec, which does not appear to constitute a dangerous
rate. However, at an operating flux of 1015 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 1014 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 decomposition 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 hydrogenoxygen-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 homogeneous reactors have dealt with hexavalent
uranium salts of the strong mineral acids. Hexavalent uranium in aqueous
solutions appears as the divalent uranyl ion, U02++. 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 temperature~ (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.
tTaken 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 hydrolysis of the uranyl ion is responsible for the immiscibility in each
instance. Hydrolysis can be repressed effectively by increasing the acidity 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 considered to accomplish this to some degree, 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 characteristics 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 respect 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 potential 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 excessively high concentrations of acid.
Plutonium, the other fissile material, also forms salts which can be dissolved in water. The possibility of using such solutions in aqueous homogeneous reactor systems has been examined, and limited experimental
studies have been directed toward this goal but without substantial success (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 U 238 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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and thorium phosphate can be maintained in solution at satisfactory concentrations 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 15 • 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 fertilP.
materials, since these are intermediates in the production of plutonium and
U 233 from U 23B and thorium. Limited exploratory studies of their solubilities 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, displayed in the form of a binary system, U02S04-H20, are shown in
Fig. 3-1 [1]. It is necessary, however, to study the ternary system,
U0 3-S0 3 -H 20, in order to understand the hydrolytic precipitation of the
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A= U03·2S03·1.5H20
B = U03·2S03·3H20
C = U03·2S03·6H20
D = U02S04·2H20
E = U02S04·3H20
H20
F = U03·H20
(a & ~ Polymorphic Forms)
G = G Basic Salt
(5U03 · 2S03 · yH20)?
K = K Basic Salt
(8U03 ·3S03 · xH20)? ~--*"--'OF'4

S03~~~~~~~---"-~~

!al 2s 0 c
H20

Fm. 3-2. The system U03-SOa-H20.

basic solid phase, /1-U03 · 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 diagrams is that the solubility of UOa in u·ranyl sulfate solutions decreases
with increasing temperature to the extent that at 250°C excess acid is required 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, /1-UOa · H20.
Figure 3-4 shows this intersection and three paths on the liquidus surface
at fixed S03/U03 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 precipitation are also somewhat lower in heavy-water systems than in systems
containing light water as the solvent.
·
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Figure 3-6 shows the liquidus composition isotherms from 150 to 290°C
for dilute sulfuric acid solutions saturated with U0 3 [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 hydrolysjs.
(2) Stability up to approximately 325°C is provided at uranium concentrations up to 2.5 w /o by the addition of a 50 mole % excess of sulfuric
acid.
(3) Stability up to as high as 400°C is provided at uranium concentrations above 20 w /o by the addition of a 100 mole% 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 Li2S04 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, undergo hydrolytic precipitation at elevated temperatures [9]. Even 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-U03-S03-H20, has not
been determined, but regions of special interest have been studied. Figure 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 CuS0 4 concentrations has been shown to be at least
in part the basic copper sulfate, 3Cu0 · 803 · 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 solubility 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 U02S04-CuSOcNiS04-H2S04-H20,
and the solid phases have been identified [11]. Figure 3-9 summarizes
the information for systems having compositions approximately that of
the fuel solution of the HRE-2. In this preliminary study the tests were
limited to short time intervals (15 minutes or less of exposure to the elevated temperatures).
When solutions containing 0.01 m CuS04 plus
0.01 m NiS04, or 0.02 m CuS04 with no NiS0 4 were heated for longer
periods of time at 300 to 310°C (just below the temperature for the formation of two liquid phases) green solids were deposited. Thus the results
pictured in Fig. 3-9 should be applied to practical situations with considerable 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 interest 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-temperature, 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 component of the vapor phase. Both liquid and vapor are very corrosive
toward zirconium and titanium, but less corrosivP. 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 phosphate is sufficiently soluble in water to be of reactor interest, but both
U0 2 and U0 3 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 U03 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°0 can be obtained 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 sulfate solutions in concentrated acid at temperatures of 450°0 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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FIG, 3-14. Variation of Li2COa solubility with U02COa concentration at constant C02 pressure (250°C).

reduction potential determine the valence state of the chromium, but
present knowledge is not adequate to specify required conditions for reliable 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 U0 3 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 C0 2 over the solution. The solubility of UOa in
Li2COa solutions at 250°C has been studied [19], and the significant results are shown in Figs. 3-14 and 3-15. Referring to Fig. 3-14, we see that
at a constant C02 pressure the concentration of uranium increases linearly
with the lithium concentration until a limit is reached at the isobaric invariant. The uranium concentration cannot be increased further unless
the C0 2 pressure is increased. Figure 3-15 is a projection of the compositions of solutions saturated with respect to lithium and uranium at 250°C
and at a constant total pressure (C02 +steam) of 1500 psi. The projection

98

PROPERTIES OF AQUEOUS FUEL SOLUTIONS

(CHAP. 3

10 -~-~-------~~~~
10
0
5
15
U0 3 .wt%
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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 C02 is kept on the
system and an appropriate composition is selected in preparing the solution.
3-2.4 Solubilities of nonuranium compounds. Thorium. Thorium solutions 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 concentrations of about 6.0 m thorium appear to be optimal, although somewhat 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 temperatures; 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 investigated 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 temperatures.
Thorium phosphate (or thorium oxide) is very soluble in concentrated
phosphoric acid. Solutions containing up to 1100 g Th/liter with P0 4 /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 P04/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 properties of thorium phosphate-phosphoric acid systems by the inclusion of
HF, HNOa, H2S04=, Seo4=, 804, Li+, 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 precipitation 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 NO a- /Th ratio) suppresses hydrolysis and increases 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 insolubility
in order to provide the basis for continuous processing of a U 238 blanket
solution for plutonium production [25] (see Chapter 6).
The possible use of aqueous solutions of plutonium in homogeneous reactors has been reviewed by Glanville and Grant [26] in order to determine
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THE SOLUBILITY OF PLUTONIUM COMPOUNDS AT RooM TEMPERATURE

Pum

Pu iv

Chloride

Soluble in presence of fluoride
complexing ions; e.g., Zr
Soluble in water and dilute acids

Bromide

Soluble in water

Bromate

No information

Iodate

1.5mgPu/literin0.0017 MKIOa,
0.17 MH2S04
Of the order of grams of Pu/liter
in dilute HCl04
> 7.7 g Pu/liter in 0.9 M HNOa
125 g Pu/liter in 0.1 M H2S04
No information

Soluble in presence of fluoride
complexing ions; e.g., Zr or Al
Of the order of 50 g Pu/liter in
6MHC1
Of the order of 1 g Pu/liter in
5MHBr
> 8 g Pu/liter m 1.5 M H2S04,
0.15 M KBr04
Max. reported is 94.5 mg Pu/liter
in 0.1 M KIOa, 6 M HNOa
Of the order of grams of Pu/liter
in dilute HCl04
500 g Pu/liter in 2 M HNOa
> 125 g Pu/liter in 0.1 M H2S04
Soluble in 10 M HNOa, 0.25 g
Pu/liter in 0.1 M Na2Cr201,
0.1 MHNOa
0.55 g Pu/liter in 1 M H2S04

Fluoride

Perchlorate
Nitrate
Sulfate
Chromate
Phosphate
Carbonate

Max. reported is 3.89 g Pu/liter
in 0.8 M HaP04, 0.9 M HC1
Soluble in 453 K2COa

Oxalate

0.46 g Pu/liter in 0.5 M H2C204,
3.7 MH+

Benzoate

Very soluble

0.1 g Pu/liter in 0.2 M Na2COa,
0.2 M CHaCOONa
Max. reported is >0.244 g
Pu/liter in 0.1 M H2C204,
1 M HNOa, 1 M HF
Very soluble

>40 g Pu/liter in 19 M HF
......,350 g Pu/liter
No information
No information
0.6 g Pu/liter in 0.2 M KI0 3
Of the order of grams of Pu/liter
in dilute HCl04
~500 g Pu/liter
No information
No information
>0.7 g Pu/liter in 0.6 M H 3 P0 4,
0.1 MHNOa
> 8.4 g Pu/liter in 0.02 MN a2C0 3
Of the order of grams of Pu/liter
No information
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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 solubility 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 233 continuously from thorium breeder
blanket systems. A project was undertaken by the Mound Laboratories [28] to separate gram quantities of the longer-lived Pa 231 which
could be used in studies of the chemistry of protactinium.
Considerable information concerning the low-temperature chemical behavior of Pa has accumulated as a by-product of the development of
chemical processes for the separation of U 233 from irradiated thorium
materials [29].
Neptunium. N p 239 is in a class with Pa 233 ; 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 U 238 [30a]. The chemistry of neptunium has been reviewed by Hindman et al. [30b], and the hydrolytic
behavior has been reviewed by Kraus [30c]. Continuous separation of
Np 239 would provide a Pu 239 product of high purity by radioactive decay,
whereas plutonium recovered from long-term irradiation of U 238 usually
contains appreciable amounts of Pu 240 • 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 Waggener [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.

RADIATION EFFECTS*

. 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 concentration 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 decomposition 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 H20, H2, and H202. The primary chemical
species are therefore considered to be H, OH, H2, and H202; 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:

(3-1)
Some minor subtleties emerging from recent studies of the radiolysis of
aqueous solutions are: (a) although stoichiometry demands that G(H) +
2G(H2) = G(OH) + 2G(H202), the yields of H and OH and also the
yields of H2 and H202 are not necessarily equal to each other [32]; (b) the
yields of H2 and H202 are lowered by solutes which scavenge the precursors in the particle tracks [33]; (c) H0 2 may be another "primary"
chemical species produced in small yield in the particle tracks [34].
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Fm. 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 104 kev per micron of path for
fission recoils to 0.2 kev /micron for fast electrons. The yields G(H 2 ) and
G(H20 2) 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(H 2) 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
H2 and H 20 2. In water with no added solutes, the principal back reactions
of the free radicals are believed to be:
(3-2)
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OH+ H2-+- H20 + H,

(3-3)

OH+ H202 -+- H20 + H02,

(3-4)

2H02-+- H202 + 02,
H + 02-+- H02,
H02 + H202-+- H20 +OH+ 02.

(3-5)
(3-6)
(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 concentrations 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
0 2, and reactions (3-3), (3-5), (3-6), and (3-7) provide a mechanism for
combining H2 and 02 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 Hand 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 02, the
H-atom may be converted to H02, 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 concentration. This decrease may result from scavenging of H-atoms in the
particle tracks by the uranyl ions. Decomposition by fission recoil particles
produces mostly H2 (and an equivalent amount of H20 2 plus 0 2); 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 decomposed 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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4
Concentration, m

Flo. 3-18. The effects of uranium concentration and type of radiation on the
initial H2 yield from irradiated U02S04 solutions.

where G 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 scattering, and electrons produced by gamma-ray absorption and by radioactive
decay of fission products. For an operating homogeneous reactor, about
963 of the hydrogen gas produced in solution is due to the fission recoil
particles, 23 to the neutrons, and 23 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 neutrons, gamma rays, and radioactive decay escapes from the solution. The
value of G1 for a given solute concentration can be obtained from Fig. 3-17
and the value for W1 can be calculated from the neutron flux, the concentration 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 02) will be formed.
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TABLE

3-2

INITIAL RATES OF H2 GAS PRODUCTION FROM REACTOR-IRRADIATED
URANIUM SOLUTIONS

Concentration
Solute

U02S04

U02F2

U02(NOa)2

U(S04)2

Fission energy
total energy

g U/liter

g U 235 /liter

0.399
4.03
18.6
38.1
40.7
102.1
105.2
108.4
202.3
202.5
203.4
227.0
310.4
386.0
431.3
436.8
477.2
713.5
796.o

0.372
3.76
1.63
0.274
37.9
37.4
38.9
40.1
0.063
37.6
189.6
1.63
0.096
1.63
37.8
3.10
0.148
33.5
37.4

0.688
0.957
0.906
0.619
0.995
0.995
0.995
0.995
0.273
0.995
0.999
0.906
0.364
0.906
0.995
0.949
0.467
0.995
0.995

4.25
40.1
118.8
272.0
377.0
405.7

3.96
37.3
37.1
37.2
39.3
42.3

4.24
42.3
318.0
420.1
42.2
92.5
350.0

*pH adjusted by adding acid.

pH

G(H2)

1.03

1.61
1.66
1.48
0.95
1.53
1.35
l.20
1.35
0.69
1.11
1.11
0.98
0.62
0.80
0.77
0.73
0.56
0.56
0.49

0.959
0.995
0.995
0.995
0.996
0.996

4.25
3.32
2.98
2.64
1.35*
2.41

1.63
1.58
1.36
1.11
0.84
0.95

3.95
39.4
2.29
36.9

0.960
0.995
0.932
0.994

2.05
1.03
0.60

1.63
1.5
0.6
0.55

39.3
35.1
32.0

0.995
0.996
0.995

1.95
0.1
0.1

1.45
1.25
0.75

3.26
2.90
2.42
2.00
0.10*
1.61

1.32
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3-3.4 Recombination in uranium solutions. For fission recoil particles
the radiation-induced back reaction of H 2, 02, and H202 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 homogeneous catalysts [39] in the thermal combination of hydrogen and oxygen
in aqueous uranium solutions. This provides a convenient method for recombining 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 hydrogen removal, in moles/liter/min, can be expressed by
(3-9)

where kcu is the catalytic constant in liters/mole/min, and concentrations
are given as moles/liter. Some selected values of keu 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 complexing. Also, the rate of reaction with D2 is about 0.6 that with H2.

TABLE
SELECTED VALUES OF

keu

3-3

AT SEVERAL TEMPERATURES AND
(Cu= 10- 3 M)

URANIUM CONCENTRATIONS

Uranium
concentration, M

Temperature,

oc

kcu,
liters/mole/min

10s kcu/S,
psi- 1 /min

0.17
0.17
0.17
0.00
0.01to0.1
0.01to0.1
0.01 to 0.1

190
220
250
250
250
275
295

4.3
26.6
90.0
83.0*
133
380
850

0.28
2.3
12.
11.
18.
61
149

*With 10- 3 M Cu(Cl04)2 plus HCl04 in concentrations ranging from 0.005 M
to 0.05 M.
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The concentration (solubility) [40] of H 2 is related to the partial pressure of hydrogen by the proportionality factor
(3-10)
wh.ere PH. is given in psi, (H2) in moles/liter, and S in psi/liter/mole.
Equation (3-9) can then be written
(3-11)
At the steady state, the rates of formation and removal of hydrogen are
equal, and from Eqs. (3-8) and (3-11), the steady-state pressure is given by
P

_ 0.0062

x a, x w, x s.
(Cu)kcu

(H.)ss -

(3-12)

Application of copper sulfate catalyst to the suppression of gas evolution
during the operation of the Homogeneous Reactor Experiment was discussed 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 peroxide produced by decomposition of the water can undergo several secondary reactions: (a) It can react with uranyl ion to form the slightly
soluble peroxide U04 according to the reaction

(3-13)
The U0 4 will precipitate if its solubility (,..._, 10- 3 M) is exceeded. (b) It
(or the UQ4) can decompose by a radiation-induced reaction via the free
radicals Hand OH produced by decomposition of the water. (c) In a reactor operating at high temperatures the H 20 2 will decompose thermally
at an appreciable rate according to the over-all reaction:
(3-14)
and the U04 will decompose thermally according to the reactions
U04

~

UOa + 1/202,

(3-15)

UOa + 2H+

~

U02++ + H20.

(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 independent of the acidity from pH 1.6 to 3.3. Traces of certain ions showed
pronounced catalytic effects. The rate of decomposition could be expressed by
(3-17)

where (H202) represents total peroxide concentration (U04 + H20 2) in
moles per liter at time t, k is the molar rate constant in the absence of
catalyst, kcat 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 10- 3 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 kcal/mole. For pure water, the rate constant at 78°C was 4.5 X 10- 4
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(tt;?

2

)

= 0.0062

G Wx 0.96.

x x

(3-18)

The maximum value of G for the particular solution used is that given
for the H2 yield in Fig. 3-18. During reactor operation the radiationinduced decomposition of peroxide is negligible, and the rate of decomposition is essentially the thermal rate given by Eq. (3-17). At the steady
state the peroxide concentration is given by
(H 2O 2) = 0.0062 x G x W X 0.96.
ea
k + kcat(Cat)

(3-19)
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TABLE 3-4
MOLAR RATE CONSTANTS FOR PEROXIDE
DECOMPOSITION IN U02S04 SOLUTIONS
Temperature, °C

k, min- 1

53
78
100

1. 2 X 10-3 to 12 x 10-3
1.8 X 10- 2 to 14 x 10- 2
1. 8 X 10-1 to 12 x 10-1
TABLE 3-5

CATALYTIC CONSTANTS AT 100° c FOR PEROXIDE
DECOMPOSITION BY VARIOUS IONS ADDED TO
U02S04 SOLUTION
Catalyst

kcat (liters/mole/min)

Fe+ 2
Ru+4
Ag+1
Ni+ 2
Cu+ 2
Fe+ 2 (promoted
by 793 ppm Cu+ 2)

135,000
121,000
4,500
2,600
1,200
502,000

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

W

_ (H202)sol[k + kcat(Cat)J.
0.0062 X G X 0.96

max -

(3-20)

For example, in 0.17 M U0 2S0 2 solution at 100°C with no added catalyst,
the peroxide solubility is =4 X 10- 3 M, k = 1 min- 1, 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 13- and 'Y radiation of the
fission products. The yield for peroxide formation will be essentially that
for ')'-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 H2, H202, and 02 from
decomposition of the water, and 02, N 2, and oxides of nitrogen from decomposition of the nitrate. Yields of H2 and N 2 for several types of radiation, and for several concentrations of thorium nitrate, are given in
Table 3-6. The hydrogen yield decreases with increasing solute concentration, the same as for uranium solutions. The nitrogen yield increases
with increasing nitrate concentration. The N 2 is presumably formed by
direct action of radiation on the nitrate. The N 2 yield is greater for radiations of greater LET. The N 2 yield is independent of temperature, and
little or no radiation-induced back reaction takes place.
Uranyl nitrate solution also decomposes to give N 2 in yield comparable
to that for thorium nitrate solution.
TABLE

3-6

THE EFFECTS OF CONCENTRATION AND TYPE OF RADIATION ON
THE YIELDS OF N2 AND H2 IN THE DECOMPOSITION OF THORIUM
NITRATE SOLUTIONS

Th(N03)4,
molality

G(H2)
Fission
recoils*

0.26
0.55
1.5
2.7
7.2

1.11
0.93
0.51
0.33
""o.ost

G(N2)

Fission
recoils*

ORNL graphite
pile radiation

Gamma rays

0.002
0.016
0.047
0.063
0.16

0.003
0.003
0.005
0.006

0.04 x 10- 3
0.5 X 10- 3
1.5 x 10- 3
1.1 X 10- 3

*0.14 molal enriched U02S04 added to make the energy contributed by fission
recoils > 953 of the total energy absorbed.
tEstimated by extrapolation.
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3-4.1 Introduction. Knowledge of the physical properties of aqueous
solutions of reactor fuel materials is required for nuclear physics calculations 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 homogeneous reactors.
TABLE 3-7
LIQUID AND

vAPOR

DENSITIES OF

D20

Density, g/cc
T, °C

175
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
371.5
*Critical point.

Vapor

Liquid

0.004
0.005
0.006
0.007
0.009
0.010
0.013
0.016
0.020
0.024
0.029
0.034
0.040
0.048
0.058
0.070
0.087
0.105
0.129
0.163
0.248
0.363

0.989
0.983
0.970
0.957
0.943
0.929
0.913
0.898
0.881
0.864
0.847
0.829
0.809
0.787
0.763
0.735
0.705
0.668
0.626
0.573
0.462
0.363*
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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 solution 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
DENSITIES OF LIGHT- AND HEAVY-WATER SOLUTIONS OF
URANYL SULFATE

Density, g/ml
T, °C

U02S04 in H20, g U/liter

60.6
30
45
60
75
90
100
125
150
175
200
225
250

1.0715
1.0649
1.0562
1.0468
1.0395
1.0203
0.9984
0.9735
0.9460
0.9156

U02S04 in D20, g U/liter

101.0

20.3

1.1340

1.300
1.318
1.1245
1.1263
1.1170
1.1198
1.1120
1.1026
1.0954
1.0751
1.0505
1. 0221
0.9920
0.9578
0.9224

1.1275
1.1199
1.1111
1.1008
1.0952
1.0742
1.0528
1.0293
1.0030
0.9745
0.9440

02,
psi*

300
305
325
340
360
380
415
480
560
680
830
1090

40.4
1.1567
1.1598
1.1509
1.1540
1.1433
1.1472
1.1388
1.1297
1.1228
1.1037
1.0822
1.0572
1.0280
0.9973
0. 9610

02,
psi*

61.2
1.1842

280
1.1781
280
1.1704
300
325
350
365
410
480
530
670
840
1080

1.1628
1.1545
1.1476
1.1278
1.1053
1.0805
1.0540

*Overpressure 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

d. = (78.65/U) - 1.046

+ dH,o,

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

± 0.53 from 25 to 300°C for 0-103 U,
± 1.03 from 120 to 250°C for 10-503 U,
± 2.03 from 25 to 125°C for 10-503 U,
± 2.03 from 250 to 280°C for 10-503 U.
The density of heavy-water solutions of uranyl sulfate may be estimated
from an analogous formula:
1
d,-i= (71.0/U)- 0.944

+ do.o.

The densities of heavy-water solutions of uranyl sulfate reported in Table
3-8 were found to be within 33 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 solutions was compiled by Day, Secoy, and Marshall [59].
3-4.3 Viscosity of D 2 0 and uranium solutions. The viscosity of heavy
water was measured from 30 to 250°C by Heiks et al. [54]. Good agreement with four values reported by Hardy and Cottington [65] was found.
The apparatus used has been described by Heiks et al. [51] and the electronic instrumentation for measuring the time of fall of a plummet containing 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 referred to above, Barnett et al. of Mound Laboratory have measured the
viscosities of light- and heavy-water solutions of uranyl sulfate at temperatures 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

U02S04 in H20, g U/liter

20.2

U02S04 in D20, g U/liter

59.7 100.4 201.4 301.1 400.7

0

20.3

40.4

61.2

- - - -- - - - - - - - - - - - - - - - - -

30
45
60
75
90
100
125
150
175
200
225
250

0.857
0.629
0.492
0.403
0.329
0.292
0.238
0.194
0.164
0.142

0.946
0.701
0.536
0.436
0.365
0.327
0.264
0.213
0.178
0.153
0.136
0.125

1.04
0.773
0.605
0.483
0.399
0.351
0.273
0.223
0.188
0.158
0.141
0.130

1.40
1.05
0.820
0.638
0.517
0.454
0.347
0.275
0.226
0.192

1.97
1.39
1.06
0.821
0.675
0.589
0.442
0.335
0.269
0.230
0.209
0.190

3.04
1.98
1.41
1.10
0.884
0.767
0.543
0.437
0.360
0.298
0.264
0.238

0.969
0.713
0.552
0.445
0.365
0.323
0.252
0.208
0.175
0.151
0.135
0.124

-

0.773
0.586
0.467
0.384
0.342
0.263
0.216
0.182
0.154
0.138
0.125

0.789
0.608
0.487
0.397
0.350
0.269
0.222
0.187
0.160
0.144
0.133

-

0.827
0.638
0.513
0.415
0.365
0.287
0.233
0.196
0.169
0.151
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] estimated 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 concentration 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 10% [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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TABLE

3-10

ESTIMATED HEAT CAPACITIES OF URANYL SULFATE SOLUTIONS

Estimated Heat Capacity, cal/g ·°C
H20 solutions

D20 solutions

U02S04, w/o

0
10
20
30
40
50
60
70
80
85. 9 (U02S04 · 3D20)
87. 2 (U02S04 · 3H20)

25°C

250°C

25°C

0.998
0.905
0.809
0.714
0.619
0.523
0.428
0.333
0.238

1.166
1.070
0.975
0.875
0.770
0.665
0.550
0.425
0.290

1.005
0.916
0.830
0.745
0.658
0.568
0.474
0.370
0.252
0.174

-

0.170

-

-

same temperature is almost independent of temperature but markedly dependent 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 measurements 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 U03 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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TABLE

3-11

RATIOS OF VAPOR PRESSURES OF URANYL SULFATE
SOLUTIONS TO THAT OF PURE H20

pf po (at given temperature)

U02S04, M

0.59166
1.14545
3.17433
4.1821

25°C

50°C

80°C

100°c

0.990
.979
.911
.863

0.990
.981
.920
.881

0.991
.984
.935
.900

0.993

TABLE

3-12

VAPOR PRESSURES OF UOa SOLUTIONS IN HaP04*

Vapor pressure, lb/in 2
Temperature,

oc

0. 76 M UOa in
0.56 M HaP04

0.309 M UOa in
2.90 M HaP04

110
150
200
250
300
350
400
450
500

23
66
200
460
1000
1700
2900
4600
6600

21
64
200
500
1150
2100
3600
5600
8000

0. 75 M UOa in
7.5 M HaP04
21
64

200
500
1150
2100
3700
6600

-

*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, measured the surface tension of light- and heavy-water solutions of uranyl
sulfate at temperatures up to 250°C.

118

(CHAP. 3

PROPERTIES OF AQUEOUS FUEL SOLUTIONS
TABLE
THE

pH

3-13

oF UOa-H2SOcH20 SoLuTIONs AT

25.00°0*

Molar ratio, UOa/804

Molarity
H2S04

0.02432
0.01214
0.00486!}
0.003656
0.002437
0.001216
0.0004850
0.0003646
0.0002424

0.7006

0.8017

0.9024

1.0029

1.1042

1.202

1.995
2.259
2.619
2.730
2.905
3.174
3.587
3.671
3.851

2.151
2.422
2.784
2.900
3.065
3.348
3. 715
3.822
4.004

2.425
2.692
3.046
3.155
3.321
3.592
3.903
3.996
4.127

3.043
3.267
3.526
3.604
3.708
3.906
4.130
4.201
4.326

3.612
3.731
3.874
3.913
3.977
4.093
4.250
4.304
4.411

3.823
3.922
4.038
4.074
4.124
4.214
4.354
4.395
4.500

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

TABLE
THE

pH

3-14

VALUES OF HCI, H2S04, AND U02S04 SOLUTION
AS A FUNCTION OF TEMPERATURE

Hel
H2S04

"
"
U02S04t

"
"

U02S04 * + H2S04

M

t0 e

pH

t0 e

pH

0.0100
0.00490
0.04615
0.09740
0.04
0.17
1.1

30
30
30
30
30
30
30
30

2.13
1. 76
1.28
0.96
2.80
2.20
1. 76
1.22

130
180
180
180
150
180
180
180

2.17
1. 93
1.62
1.21
2.58
2.20
1.81
1.83

*U02S04 solution which read pH 2.68 at 30°e, to which was added sufficient
H2S04 to bring the pH reading down to 1.22 at 30°e.
tReported values modified and extended by personal communication with M. H.
Lietzke, April 1958.
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Fm. 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 containing excess U0 3 at temperatures up to 60°C [49,56]. Secoy has compiled 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 UOa 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 UOa 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 hightemperature electrode systems for use in the sulphite pulping process of
the paper industry [68]. Lietzke and Tarrant have demonstrated the
applicability of lngruber's electrode system to the measurement of the pH of
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T = Initial Temperoture
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Fm. 3-20. Approximate explosion limits of spark-ignited gaseous mixtures of 02
and H 2 saturated with H20 vapor in 1!-in. bomb.

solutions of HCI, U02S04, and H2S04 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 temperatures 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 13.
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 density of each constituent is equal to
that of the pure constituent at its partial pressure.
3-4.9 Reaction limit& and pressures. Stephen et al. [75] measured the
effect of temperature ·and H2/02 ratio on the lower reaction limits of the
Hr-02-steam system in a small 1.5-in.-diameter autoclave. Their investi-
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gation indicated that the composition (mol basis) of the mixture at the
lower limit was not temperature dependent at constant H2/02. Figure 3-20
is a plot of Stephan's data showing variation in H 2/02 [76].
Syracuse University is investigating [77] further the effects of geometry,
temperature, and method of ignition on the reaction and detonation limits
of H20-(2H2 02). 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 6% Knallgas, * as compared with 20%
Knallgas observed by Stephan.

+

*Knallgas is the term describing the 2:1 mixture of hydrogen and oxygen obtained electrolytically and considered as a single gas.
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CHAPTER

4

TECHNOLOGY OF AQUEOUS SUSPENSIONS*

4-1.

SUSPENSIONS AND THEIR APPLICATIONS IN REACTORSt

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 U02S04 solution. Use of enriched uranium alleviated to some extent the need for strict neutron
economy, but it was found that at high temperature (250 to 300°C) U02S0 4
solutions were more corrosive than pure water and were subject to a hightemperature 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 UOa, 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 development 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 UOa · H20 in water to obtain assurance that local fluctuations in concentration or settling would not unduly
affect nuclear stability [1].
In 1955, the UOa work was set aside so that effort could be concentrated
on Th02 suspensions, which are at the present time believed to be the only
suitable fluid homogeneous fertile material for use in an aqueous homogeneous thorium breeder. The ultimate of this effort at ORNL has been set
at a two-region, Th02, homogeneous, power breeder.
In the following sections of this chapter a detailed account is given of
the studies on UOa slurries and Th02 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 suspensions 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.
tBy 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 divided 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 micron in
length for materials of density near that of water, while particles in a Th02
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/foes. Suspensions of floes 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 electrostatic 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 appreciably 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 Th02 which are 10 to 15 microns in diameter appear to show
only slight tendency to flocculate, while cubic or platelet forms of Th0 2 and
UOa · 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 flocculate) settle, the settled bed density approaches about 50 to 70% of the
particle density. The bed resuspends only slowly and is not easily deformed 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. Th02 spheres of more than 5 to 10 microns settle to beds
of this type.
Flocculated slurries settle to a concentration at which the floes 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 floe structure. 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 U0 3 • H 20 slurries of concentrations up to several hundred grams per
liter, the yield stress is less than 0.1 lb/ft 2 and the slurries are almost of
Newtonian character. A breeding blanket requires Th02 slurries containing 500 to 1500 grams of thorium per liter, and in these concentrations
the yield stress varies from 0 to well over 1 lb/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 Th02 and
UOa · H20 may be either colloidal and plastic, or much more dense, noncolloidal, 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 three 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 without 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 Th02 and UOa · H20 platelet slurries.
Cakes have been observed in Th02 slurries. In one case, a !- to i-in.
layer of Th02 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 Th02
in suspension, but no spheres or cakes have been observed in circulating
UOa · H20. This may be due to the fact that the greater solubility of
UOa · 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 probably 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 Th02 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 opposed to the product of tube diameter and velocity, which is the corresponding 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 provide so strong a charge that particles cannot approach to form a floe 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 composing the particle. For example, Th02 or Th(OH) 4 sols of up to
4000-g/liter concentration are easily made by the addition of Th(N0 3 ) 4
solution to freshly prepared Th(OH) 4. On a somewhat similar basis, additives which may form partially ionized or lyophillic surface compounds are
often effective. Very small additions of H2C204, Na2SiOa, Na 3 P04,
and NaAl02 have been found effective at room temperatures in producing
free-flowing Newtonian slurries from high-yield-stress Th02 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 Si02 has
produced slurries which appear to remain unflocculated at temperatures
up to 300°C [4].
Na2HP04 or NaH2P04 added to UOa · H20 platelet slurries has prevented the formation of muds in regions where they normally form. The
latter additive is preferred, since Na2HP04 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 UOa · H20 an equilibrium size is reached
due to the continuous a:brasion of the particles and subsequent recrystallization. In Th02, and probably in U02 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. Th02 produced by calcination of a plate or cube form of
Th(C 20 4 )2 retains the plate or cube form, but the particle is composed
of smaller crystals of Th02. Violent agitation causes crystals in the
particles to break apart, after which they are free to exhibit the colloidal behavior of the finer particles. The higher the calcination temperature, the larger the Th02 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 systematic arrangement of charges on the particle surface which causes actual
attraction and binding of particles into an unusually strong floe in a preferred 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 Th0 2 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 asyet-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 direction 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 variation 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 i to ~ in. in diameter, and it is generally recognized by hydrodynamicists as being approximately proportional to v/um where Um is the
mean velocity of the fluid and v is the kinematic viscosity, about
10- 5 ft 2/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 proportion. 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. U03 · H 20 crystals
are relatively soft, and when they strike a stainless-steel wall, they tend
to break without damaging the surface of the wall. Th0 2 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 Th02 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 preceding discussion implies several general conclusions regarding systems and
components for using slurries. For example, the over-all system should be
kept as free 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 Th02 or U0 2 systems, all
elbows should be of at least moderately large radius, and sudden constrictions such as orifices should be avoided.
Mechanical pumps for Th02 or U02 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 Th0 2
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 continuing 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 19401944 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 trioxide 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 U 30s to uranium trioxide depended on both temperature and oxygen pressure. The presence
*Information taken from reports by J. 0. Blomeke (Ref. 10) and A. S. Kitzes
and R. N. Lyon (Ref. 11).
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TABLE 4-1
OXIDATION OF U02 SLURRIES UPON HEATING UNDER
VARYING PARTIAL PRESSURE OF HYDROGEN AND OXYGEN
Heating conditions

Gas pressure

Uranium
oxidized,

Temp., °C

Time, hr

H2, psi

02, psi

3

200
250

48
16
16
24
24

63.5

31.8
202
378
61.5
175

64.9
74.5
82.2
78.4
91.4

70
70

TABLE 4-2
REDUCTION oF UOa SLuRRrns AT 250°C UNDER
VARYING PARTIAL PRESSURES OF HYDROGEN AND OXYGEN
Gas pressure
Heating time, hr

20
2
24
68

Uranium
reduced,

H2, psi

02, psi

3

263
378
70
527

26.3

0.5
1.39
0
0.4

-

35
26.3

of a partial pressure of hydrogen did not seem to markedly inhibit the
oxidation (Table 4-2). When a slurry of UOa · HzO rods prepared by thermal 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 UOa and UaOs
under pure hydrogen atmospheres was quite slow, although freshly oxidized uranium species formed by treatment of U0 2 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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Fm. 4-1. UOa-H20 crystal habits.

Fm. 4-2. Preparation of UOa-H20.

is maintained. In the earlier work [Ref. 9, pp. 45-49, 127-131] the monohydrate 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"; fJ, "small six-sided orthorhombic
tablets"; ')', "rhombic(?) hexagonal rods"; and
"triclinic crystals with a
very complicated x-ray pattern." The a and fJ were stable in water below
185°C and the 'Y and 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 o-UOa · H20.
Attempts to prepare this modification resulted in the formation of bipyramids or platelets, depending on the conditions. Three allomorphic modifications of the monohydrate were obtained, depending on the mode of
preparation and treatment (Figs. 4-1 and 4--2). A rodlet form of UOa · 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 impurity. A platelet form of UOa · H20 appeared when the trioxide, made.

o,

o
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TABLE 4-3
OXIDATION OF U30s SLURRIES ON HEATING FOR 24
HOURS UNDER VARYING p n.RTIAL PRESSURES OF
HYDROGEN AND OXYGEN
Gas pressure
Temp., °C

150
170
200
225
250
250
250
250

Uranium
oxidized,

H2, psi

02, psi

3

51.8
59.5
63.5
67

25.9
29.8
31.8
33.5
35
35
17.5
175

63.2
71. 7
90.1
92.6
88.0
85.1
75.2
96.8

-

175
70
70

by decomposition of uranyl nitrate at 300 to 400°0, was hydrated at 185
to 300°0. Pulverized uranium trioxide rodlets digested at 200 to 250°0
converted to the platelet form, whereas pulverized uranium trioxide
platelets digested at 150 to 200°0 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 diameter 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 'Y-U03 · H20 reported in Ref. 9 as having an orthorhombic structure. Unfortunately, cell
dimensions were not giyen in this reference, and it was impossible to
establish the identity without question. Zachariasen [14] reported the
cell dimensions of two different U03 · 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 ~-U0 3 · H20, independently 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-U03 · H20 and that the platelets had the structure of his ~-U0 3 · H20.
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4-2.4 U0 3 • H20 slurry characteristics. Easily suspended slurries were
prepared of both the rodlets and platelets. On the other hand, the bipyramids, because of their size, required violent agitation to keep them in
~uspension. 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 tendency 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 U03 · H20 in pure water is less than 10 ppm at
room temperature and is also low at high temperatures. As a result, pure
U03 · H20 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 U0 3 by the
pyrolysis of U0 2(N03)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 enriched 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 concavity 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 ± 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 2 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 ± 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 dispersed as a slurry. In addition, the oxide particle resulting from oxalate
thermal decomposition retains the relic structure of the oxalate, and hence
the 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:

~
Th(C204)2

<Th02

+ 2C02 + 2CO

> 300oc
Th(COah
ThOt

+ 2CO

+ 2C02

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 decomposition of thorium oxalate as an aqueous slurry in a closed autoclave at
300°C[27]:
Unidentified organic
and inorganic gases
>175°C
Th(C204)2 +excess H20
Th(OH)4 + 2H2C204

t

t

Th02 · 2H20
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This preparation is characterized by a very small particle size, approximately 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. decomposition 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°0. 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 preferred at the present time.
Experience on the preparation of oxide by the direct calcination of
Th(NOa)4 is limited. The nitrate decomposes at about 250°0, 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°0. 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 [33] that it is
probably not a good source material for the production of slurry oxide. As
precipitated from nitrate solution, the hydroxide formed a bulky precipitate
which was hard to filter and wash, was amorphous to x-rays, and contained
considerable nitrate impurity. Drying at 300 to 500°C yielded a crystalline
oxide product which was difficult to slurry. Autoclaving a slurry of the
hydroxide (without previous drying) at 250°0 gave a bulky slurry (settled
volume 300 to 500 g Th/liter) exhibiting a characteristic Th02 x-ray
diffraction pattern.

4-3.3 Large-scale preparation of thorium oxide. In the present method
(Fig. 4-3) [34] for making thorium oxide in a pilot plant operated by the
Chemical Technology Division at Oak Ridge National Laboratory, 1 M

142

[CHAP.

TECHNOLOGY OF AQUEOUS SUSPENSIONS

4

First Addition 25 go
Precipitation

10-15°C
Oxalate Addition, 3 hr
Digestion At 75°C-6 hr
280 lb/day

1.0 M Thorium Nitrate
Second Addition 275 gal
1.0 M Oxalic Acid
110 lb/day

Thorium
Oxalate
Slurry

I

'>.:85:;;;:;%:;-;Y:-;:ie;;;ld~,.;.l_;::Su:?;p::,e::.;m:;:.a::;te:..._-JJDewateringj
I Redispersion I
- 65 lb/ day
1
and
I
L 85 % Yield

Demineralizer Water Wash

3 Times, 25 gal Each
Thorium Oxalate Cake

[

I O~iflccrtio~ 1

1

Filtration
100 lbs/day

Waste Filtrate
475 gal, 10-3 g Th/liter

Deca ntation

(2 Times)
Recycle
Heel
Supernate
Dispersion
and

l-~ -;--~az

Oecantation
(4 Times)

I
I
I

J

Waste Filtrate
170 gal 10-3 g Th/liter

2

I

Cakes

I
3
170 gal. 2.8x10- _M Oxalic Acid

i
1

5 liter/kg ofTH0 2 Per
Dispersion

t:ste Heel 11 %
CaTIHciOned (Mainly Oversize)
2

First Calcination
Stepwise

180°C, 2 hr
Second
380°C, 2 hr
Calcination
0
650°C, 1-3/4 hr _6_so__c_c_a_lc_in_e_d-i1600°C, 4 hr
90 lb/day
Thorium Oxide
35 lb/day
97% Yield
96 % Yield

TH0

I

Ca~~:,'!ion
650oC, 1-3/4 hr
4001b/day

1

Product
Shipment
85 % Yield

Fm. 4-3. Thorium oxide pilot plant chemical flowsheet. Percent yields based
on initial thorium input.

solutions of thorium nitrate and oxalic acid are mixed in an agitated tank
with controlled temperature, addition rate, and order of addition. In the
first step, all the thorium nitrate is added to the precipitator, after which
the oxalic-acid solution is added over a period of 3 hr with the reagents
held at 10°C by external cooling. The slurry of precipitated thorium oxalate
is digested for 6 hr at 75°C and then pumped to a vacuum filter where the
solid is separated from the mother liquor and washed three times with
demineralized water. The oxalate cake on the filter is air-dried and is then
loaded on trays for the first calcination.
In the first calcination the air-dried thorium oxalate is heated successively at 180°C for 2 hr, at 380°C for 2 hr, and at 650°C for 1.75 hr. The
material is then packed on a tray for the second calcination, and heated
at 1600°C for 4 hr.
The 1600°C-calcined thorium oxide normally- contains about 10% of
particles larger than desired (> 5 microns). These oversize particles are
removed by classification, i.e., by suspension of the thorium oxide in oxalicacid solution (pH 2.6) to a Th02 concentration of 100 to 200 g/liter. The
suspension is stirred, and the mixture is then allowed to stand for 5 min
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before the supernate is decanted. Coarse material (5 to 7 microns) is
separated by setting the supernate withdrawal rate at 0.5 in./min liquid
level drop. The withdrawn thorium oxide is dispersed and decanted again
twice to ensure removal of oversized particles. The thorium oxide that
settles to the bottom is also redispersed and decanted three more times to
separate the considerable fraction of the fine particles that settle with the
heel or are imperfectly dispersed. This procedure removes nearly all the
thorium oxide smaller than 5 microns, and the final product contains only
1 or 23 of particles greater than 5 microns. This material is then refired at
650°C to decompose the oxalic-acid dispersant before being used in engineering studies.
Oxide prepared in this way has an average particle size of 1 to 3 microns
and has handled well in high-temperature engineering loop tests at slurry
concentrations as high as 1500 g Th/kg H 2 0. Removal of the oversize
particles has decreased the erosive attack on loop components to essentially what would be observed with water alone (see Section 6-7). At
1500 g Th/kg H 2 0, slurries of average particle sizes~ 1 micron have moderately high yield stresses (0.5 to 1 lb/ft 2 ). Lower-yield-stress slurries are
obtained with the larger particles.
Previous engineering experience with slurries of oxide prepared similarly
but with final firings at 650 and 800°C [35] showed them to possess an
extremely high yield stress at concentrations greater than 750 g Th/kg H 2 0,
and an occasionally bad caking characteristic [36]. Firing at 1600°C
appears to have in large part removed or substantially diminished the
caking tendency [37].
4-3.4 Characterization of thorium oxide products. Although thorium
oxide is a very refractory substance, it is well known that such properties
as its density, catalytic activity, and chemical inertness depend on the
conditions of its formation. With particular references to preparation from
the oxalate, the firing temperature has a marked effect on the ease of formation of colloids [38]. Beckett and Winfield [25] concluded from electron
micrographs of oxide residues that the initial oxalate crystal imposes on
the residual oxide a mosaic structure of thin, spongy, microcrystalline
laminae all oriented in very nearly the same direction. Foex [20], investigating the rate of change in density as a function of the firing temperature
for oxide prepared from the hydrous oxide, associated the density change
with crystallite growth among closely joined crystallites and observed that
no sintering of particles seemed to take place below 1000°C.
Oxide products from thorium oxalate decomposition are normally characterized by their behavior as slurries. In addition, they have been characterized by means of electron micrograph pictures, their nitrogen
adsorption surface areas, particulate properties as measured by sedimenta-
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tion* [39], and average x-ray crystallite size by x-ray diffraction line
broadeningt [41].
Ejfect of preparation variables on the particulate properties of thorium oxide.
The effects of thorium oxalate precipitation temperature, calcination
temperature, and calcination time on oxide properties were initially investigated by Allred, Buxton, and McBride [42]. Oxalate was precipitated
at 10, 40, 70, and 100°C from a 1 M thorium-nitrate solution by dropwise
addition of oxalic-acid solution and vigorous stirring. The precipitates
were fired a.t 400°C for 16 hr and successively at 500, 650, 750, and 900°C
for 24 hr. Electron micrographs of the oxide products showed particles of
the approximate size and shape of the original oxalate particles from which
they were formed. The particles of oxide prepared from 10°C-precipitated
material were approximately 1 micron in size and appeared quite uniform;
those from the 40°C material were 1 to 2 microns in size and less uniform.
A marked increase in particle size was observed for the oxide particles
prepared from the 70°C- and 100°C-precipitated materials, which were
4 to 7 microns in size. There was no change in particle shape or average
particle size and no evidence of sintering as the firing temperature was
increased from 400 to 900°C. Micrographs of shadow-cast oxides showed
that the particles prepared from oxalate precipitated at 10°C were almost
cubic in shape, with an edge-to-thickness ratio of about 3 :2, and that those
from the 100°C material were platelets with an edge-to-thickness ratio of
6:1 (Fig. 4-4). The mean particle sizes determined by sedimentation
particle-size analyses were in good agreement with the data from the electron micrographs (Fig. 4-4).
Table 4-4 shows typical data obtained with the 10°C-precipitated material. Included in Table 4-4 are the results of additional firings up to
1600°C. No increase in average particle size was noted even up to 1600°C.
However, in all oxide preparations, there was about 10 w /o above
5 microns in particle size.

*A radioactivation method for sedimentation particle-size analysis of Th02 was
developed at ORNL [39]. The oxide was activated by neutron irradiation, dispersed at < 0.5 w /o concentration in a 0.001 to 0.005 M Na 4 P20 7 solution and
allowed to settle past a scintillation counter connected to a count-rate meter and
a recorder. The scintillation activity, being proportional to thoria concentration,
was analyzed in the usual manner, using Stokes' law, to give the size distribution
data. Independently, an analogous method for use with U0 2 powders was developed at Argonne National Laboratory [40].
tThe x-ray crystallite (as opposed to the actual oxide particle, which may be
composed of a great many crystallites in an ordered or disordered pattern) is defined as the smallest subdivision of the solid which scatters x-rays coherently. The
crystallite size can, in principle, be determined from the width of the x-ray diffraction peak, the width being greater the smaller the average crystallite size [41].
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(a) Cubic Shope From 10°C Precipitated Oxalate
'

M,

'°'"

(bl Platelet Shape From 70° C Precipitated Oxalate

FIG. 4-4. Particle shapes of thorium oxide prepared from oxalate thermal decomposition.

Additional studies on the effects of the chemical and physical variables
of the batch oxalate precipitation step on the particulate properties of
thorium oxide from oxalate thermal decomposition were carried out by
Pearson, et al. [34,43]. In addition to precipitation temperature, the effect
of reagent concentration, stirring rate, reagent addition rate, and digestion
time were investigated. Most of the precipitations were made by adding
oxalic-acid solution to the thorium nitrate solution, which appeared to
give an oxide product of smaller average size and fewer oversize particles
than the reverse. Rather than being added dropwise, the oxalic acid was
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4-4

CHARACTERISTIC PROPERTIES OF THORIUM OXIDE FROM
OXALATE THERMAL DECOMPOSITION

(Precipitation temperature 10°C. Average particle size for all firings was between
1.1 and 1.4 microns.)
Final firing
temperature,

oc

Firing time,
hr

Average x-ray
crystallite size,
A

Specific
surface area,
m2/g

400
500
650
750
900
1000
1200
1400
1600

16
24
24
24
24
12
12
12
12

61
78
143
250
550
803
1100
2000
2000

35.0
40.0
25.0
13.0
6.3
4.3
3.0
2.4
1.0

introduced under pressure into the thorium nitrate solution through a
capillary tube projecting beneath the surface of the nitrate solution, the
tube exit being directly above the agitator blades.
In these experiments [34,43] it was found that the conditions for producing oxide with uniform* particles of 1 micron average size and a low
percentage of particles greater than 5 microns were 1 M Th(N03)4 and
H 2 C 2 0 4 concentrations, a 10°C precipitation temperature, a high rate of
oxalic-acid addition, and vigorous stirring. A draft tube with a variable
opening placed around the stirrer permitted a further control over the
average particle size, larger particles (2 to 4 microns) being produced by
increasing the rate of recirculation of the precipitating system through the
*It is common practice to present the particle-size distribution in the form of a
plot of the logarithm of the particle size versus the cumulative weight percent
undersize on a scale based on the probability integral. If the particle-size data
follow a logarithmic probability distribution (as they usually do reasonably well
for most Th02 preparations), the resulting plot is a straight line and the steeper
the slope of the line, the less uniform the material. The 503 size in such a plot
is the geometric mean particle diameter (dg). The geometric standard deviation
(O'g) is equal to the ratio of the 84.133 size to the 503 size (also 503 size: 15.873
size) [44]. For thorium oxide prepared from oxalate precipitated at 10°C, O'g was
1.2 to 1.4; O'g increased with increasing precipitation temperature.
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Fm. 4-5. Relationship between average crystallite size and specific surface area
for thorium oxide prepared by the thermal decomposition of thorium oxalate
(400 to 900°C firings).
draft tube. Decreasing the concentration of the oxalic-acid solution increased the average particle size (0.7 to 0.8 micron at 1.5 M and 2 to
3 microns at 0.5 M) but did not affect the size distribution, which appeared
to be primarily temperature-dependent. The shape also changed, with
decreasing reagent concentration, from a cube to a platelet. Only the
particles about 1 micron in size were cubic in shape. Long digestion times
seemed to reduce localized sintering effects in high-fired oxides (1400,
1600°C) and hence lowered the fraction of oversize particles.
Ejfect of preparation variables on x-ray crystallite size and specific surface
areas of thorium oxi,de from oxalate thermal decomposition. Specific surface
areas of oxide prepared from oxalate thermal decomposition were much
larger than could be anticipated from the particle size, and decreased with
increasing firing temperatures (Table 4-4). Crystallite sizes as measured
by x-ray diffraction line broadening increased with increasing firing temperature and corresponded very closely to the particle sizes estimated
from the specific surface areas (Fig. 4-5) [42]. The product of the surface
area in m 2/g and the crystallite diameter in angstroms, at least for oxide
fired at ~ 900°C, was approximately constant and equal to 3.6 X 103 .
While the crystallite size was determined primarily by the firing temperature, a relationship between crystallite size and firing time was also
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established (42]. Log-log plots of crystallite size versus firing time for
oxides at various firing temperatures fit an equation of the form
D

= tae<A-B!Tl,

where D is the crystallite diameter, t the time, and T the absolute temperature; a, A, and Bare constants. The constant a appears to be characteristic of oxide prepared by the thermal decomposition of thorium oxalate. For D in angstroms and t in hours, the equation becomes
D=

t0.14e<10.3515- 5482/ Tl.

The temperature-dependent function, e<A-B/T), is typical for rate processes
requiring an energy of activation, the constant B being equal to /:::,,.H/R,
where /:::,,.H is the heat of activation. The heat of activation was determined
to be 10.97 kcaljg-mole (42].
Oxides from the hydrothermal decomposi,tion of thorium oxalate. Oxides
prepared by the hydrothermal decomposition of the oxalate [27] at 300°0 in
a closed autoclave were found to be markedly different in their characteristic
properties from the thermally prepared materials. The precipitation temperature of the oxalate had no effect on the final shape or size, and all
evidence of the original oxalate structure had disappeared. Sedimentation
particle-size analyses indicated particle sizes between 0.5 and 1 micron.
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FIG. 4-6. Effect of oxalate decomposition method on thorium oxide surface area.
(Prepared from oxalate precipitated at 100°C.)
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The hydrothermal oxides were composed of crystallites 200 A in size which
did not grow on subsequent firing at temperatures up to 900°0. Furthermore, the specific surface area of the hydrothermally prepared oxide
decreased less with increasing firing temperature than did the surface area
of the oxide from oxalate thermal decomposition, and was much larger
for the higher firing temperatures (Fig. 4-6).
Effect of high-temperature water on oxide properties. Experiments have
been carried out [45-48] which show that treatment with high-temperature
water has practically no effect on the characteristic properties of oxide
itself. Prolonged heating in water at temperatures up to 300°0 did not
change the crystallite size, bulking properties, or abrasiveness of thorium
hydroxide calcined at 500 and 650°0 [45], and tests showed no evidence
of hydrate formation [46,47]. Lack of crystallite growth probably indicates
an extremely low solubility of thorium oxide in water at 300°0. When
slurries of oxide calcined at 650, 750, 900, and 1000°0 were heated overnight
at 300°0 in the presence and absence of as much as 10,000 ppm of 80 4
(pH about 2), there was no increase in the average sedimentation particle
size or x-ray crystallite size [49].
Effect of pumping on oxide properties. Oxides with particle size much
greater than 1 micron are degraded to an average particle size much less
than 1 micron on pumping at elevated temperatures,* while oxides composed of cubic particles of about 1 micron show little change [50]. Surface
area increases of from 16 m 2 /g to 30 m 2 /g have been noted for some pumped
oxides, the latter figure being almost the theoretical maximum for the
measured x-ray crystallite size [51].
Pumping does not affect the average x-ray crystallite size of slurry
oxides [52]. Also, oxides which have been pumped as slurries, dried, and
then calcined, show relatively little crystallite growth. From these considerations it would seem that the crystallite size as measured by x-ray
diffraction line broadening represents the ultimate limit of the attrition
process due to pumping.

4-3.5 Sedimentation characteristics of thorium oxide slurries. All thorium oxide-water slurries, except the very dilute suspensions, in the absence
*While most of the pumped slurries have been slow settling, composed of small
particles c~ 1 micron), and have yielded bulky sediments, on occasion the small
particles resulting from the attrition of the original slurry particles reagglomerated
to form large spheres 10 to 50 microns in size. This resulted in a slurry which settled rapidly to a dense but easily resuspended bed. Sphere formation appeared
to be the property of specific oxide preparations and was observed most often with
800°C-fired material. Preparing the oxide in a particle size which does not degrade
on pumping (,....., 1 micron) and firing at 1600°C to improve particle stability appears
in the initial pumping studies to have largely removed the problem.
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Fm. 4-7. Effect of oxide calcination temperature and slurry concentration on
the room temperature settling rates of aqueous thorium oxide slurries.

of a dispersing agent exhibit "hindered" settling. All particles settle at a
constant rate, and there is a well-defined interface between the suspended
particle and the supernatant. This form of settling is called ' 1hindered"
because there is mutual interference of the particles in their motion, and
Stokes' law does not apply to the settling of each particle.
Usually three zones of settling are observed: the initial zone during which
the motion of the interface from its initial level is uniform (hindered settling)
and rapid; a compressive zone during which the motion of the interface
is also uniform, but much slower; and a final stationary state. The first
settling zone terminates when the interface reaches the settled mass of
floes. The slurry concentration (grams of thorium per liter) at the
point of transition between the initial settling zone and the compressive
zone is termed the critical density or the critical concentration. The slurry
concentration in the final stationary state is called the settled concentration
(sometimes the bulk density). The compressive zone is characteristic of a
flocculated material and shows the rate of compaction of the settled bed
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under the force of gravity. With discrete particles, or with Th0 2 in the
presence of a dispersing agent (0.005 M Na4P201), the particles settle
directly into a permanently settled bed, and there is no compressive zone.
Room-temperature sedimentation characteristics. The room-temperature
hindered-settling rates (for a given slurry concentration), critical concentrations, and settled concentrations of thorium oxide slurries (unpumped)
all in<:reased with increasing firing temperature up to 1000°C of the oxide.
In addition, the hindered-settling rates also increased with decreasing
slurry concentration (see Fig. 4-7) [53]. It should be noted in Fig. 4-7
that all slurries are in compaction in the 500 to 800 g Th/kg H 20 concentration range.
Table 4-5 shows the combined effects of slurry temperature and oxide
calcination temperature on the hindered-settling rate, U 0 [50]. From theoretical considerations the product U oµ, whereµ is the viscosity of water,
should remain constant for an oxide over a series of settling temperatures,
provided that no change has occurred in the particulate or dispersive characteristics of the oxide. U oµ does remain fairly constant over the temperature range 27 to 98°C. That changes do occur in oxide properties,
however, with increasing calcination temperatures up to 1000°C is shown
by the increase in the U oµ product with calcination temperature. The
trend appears to reverse with the 1300°C-fired material, which also shows
a larger change in the U oµ product with temperature than do the lowerfired materials.
High-temperature sedimentation characteristics.
Slurry settling rates
at temperatures in excess of 100°C have been obtained in quartz tube
8 mm in diameter [54]. These data, obtained with a slurry of thorium
oxide prepared by a 650°C calcination of thorium formate [55], indicated
that the slurry was already in the compaction zone of settling above
500 g Th/kg H 20 at 200 to 300°C. At a concentration of 1000 g Th/kg H 20,
no settling occurred at temperatures above 100°C. The small diameter
of the tube probably affected the concentration at which the slurry went into
compaction.
Da.ta on the sedimentation characteristics of thorium oxide slurries at
elevated temperatures in stainless-steel autoclaves, ! in. in inside diameter,* have been obtained by an x-ray adsorption technique [56].
Standard x-ray film was transported at a controlled speed past a vertical
slot in a lead shield behind which a bomb containing the settling slurry
and an x-ray source were placed. A typical radiograph of a settling slurry
at an initial concentration of 250 g Th/kg H 20 at 205°C is shown in
Fig. 4-8.
*This diameter should have no effect on slurry hindered-settling rate certainly up
to 400 g Th/kg H20 concentration and possibly even higher.

TABLE

4-5

EFFECT OF SLURRY TEMPERATURE AND OXIDE CALCINATION
TEMPERATURE ON SETTLING CHARACTERISTICS OF TH02 SLURRIES,

500

g Th/kg H20

(Uo =hindered settling rate, cm/sec)
Settling characteristics of oxides calcined at indicated temperature
Slurry
temp.,

oc
27
50
75
98

Viscosityµ
of H20,
centipoise

0.8545
0.5494
0.3799
0.2899

650°C

900°C

800°C

1000°C

1300°C

Uo

Uoµ

Uo

Uoµ

Uo

Uoµ

Uo

Uoµ

Uo

Uoµ

0.031
0.045
0.07
0.10

0.029
0.025
0.027
0.028

0.038
0.07
0.12
0.16

0.032
0.036
0.044
0.048

0.06
0.09
0.12
0.15

0.05
0.047
0.044
0.042

0.10
0.15
0.27
0.34

0.08
0.08
0.10
0.10

0.03
0.07
0.16
0.20

0.03
0.04
0.06
0.06
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FIG. 4-8. Typical high-temperature settling curve obtained with x-ray apparatus.
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The combined effects of temperature and particle size on slurry settling
rates for 250 g Th/kg H20 slurries of oxides fired at 800 to 900°C are
shown in Fig. 4-9. Since the systems were flocculated, the hinderedsettling rates are much greater than those predicted from the mean particle
sizes by a simple application of Stokes' law. The settling rate-temperature
dependence curve for the slurries containing the larger particles closely
paralleled the curve for the fluidity of water. Hence it may be assumed
that for these slurries little or no change occurred in the flocculating
characteristics with increasing slurry temperature. For the slurries containing the smaller particles the curve is steeper, showing an apparent
increase in agglomerate size or density with increasing temperature.
The effect of slurry concentration on the settling characteristics of a
slurry at elevated temperatures is illustrated in Fig. 4-10. The bulk of this
slurry (>80w/o) was made up of spherical agglomerates 10 to 15 microns in size. The data indicate that the slurry settling rate is an exponential
function of the concentration and has the form
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Frn. 4-11. Effect of firing temperature on high-temperature settling rates.
250 g Th/kg H20; particle size 1 micron; prepared from 10°C precipitated oxalate.

Uo
ln U,

= aC,

where U o is the measured sedimentation rate, U, is the settling rate at
infinite dilution where Stokes' law should govern the particulate settling, C
is the slurry concentration, and a is the slope of the logarithmic settling
rate-slurry concentration curve. Extrapolating the straight-line portion
of the curves to zero concentration and assuming an agglomerate density
of 5.0 g/cc, Stokes' law particle diameters were calculated at the various
temperatures and were found to be approximately the same, again illustrating a lack of change in slurry flocculation characteristics with increasing
slurry temperature. The calculated particle diameters at 100, 150, 200,
and 250°C were 40, 45, 45, and 44 microns, respectively, far greater than
those obtained by sedimentation particle-size analysis in dilute suspension.
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Fm. 4-12. Effect of thorium sulfate on hindered settling rates of oxide slurries.
The effects of oxide firing temperatures of 900 and 1600°C on slurry
settling rates at elevated temperatures are shown in Fig. 4-11. Slurry
concentrations were 250 g Th/kg H20, and the oxide was prepared from
the 10°C-precipitated oxalate (cubic particles, ,...,1 micron). Settling data
obtained on the slurries after they had been pumped at elevated temperatures are also included. The slurry of higher-fired material shows much
higher settling rates. Pumping does not greatly affect the settling rates of
slurries of either oxide above 150°C. The temperature dependence of
settling rates roughly follows the change in water fluidity, but the curve
for the 1600°C-fired pumped material deviates considerably below 150°C
and is much flatter.
Effect of additives on settling rates. The fluidity of concentrated nonNewtonian slurries can be increased by the use of additives. Of particular
importance is a knowledge of the effect of temperature on the action of such
additives. Both sulfate and sodium silicate additions, either as thorium
sulfate or sulfuric acid, were investigated and found to change markedly
the settling rates and handling characteristics [50] of thoria slurries, the
relative effect of any additive concentration on a given slurry depending on
the slurry temperature.
Sodium silicate is a well-known deagglomerator, as well as a wetting
agent. Its addition to thick concentrated slurries at room temperature
increases their fluidity to that approaching water. It also markedly improves their heat-transfer properties for certain flow conditions [58].
The effect of thorium sulfate additions on the high-temperature sedimentation properties of a thoria slurry (250 g Th/kg H20) composed of spherical agglomerates approximately 15 microns in average size is shown in
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FIG. 4-13. Effect of sodium silicate on the hindered settling rates of oxide slurries.
250 g Th/kg H20, dg 1 micron.

=

Fig. 4-12. An abnormal increase in the hindered-settling rate in the temperature region of 150 to 200°0 was obtained upon the addition of between
500 and 1000 ppm of sulfate (based on Th02) and again at about 5000 ppm
of sulfate. The concentration region of 2000 to 3000 ppm of sulfate appears
to be one of a relatively low settling rate and good temperature stability.
It is of interest to note that in the operation of a high-temperature loop,
abnormal pump power demands at 200°0 were observed when pumping
slurry containing 1000 ppm, and that increasing the sulfate concentration
to between 2000 and 3000 ppm removed the difficulty and permitted
operation at 300°G [54].
Also appearing in Fig. 4-12 is the sulfuric acid titration curve obtained
with the standard slurry. It should be noted that the sulfate concentration
regions of temperature instability bracket the break in the pH curve and
the region of temperature stability occurs between pH 6 and 7.
Figure 4-13 shows the effect of sodium metasilicate additions on the
settling rate at elevated temperatures of a 250 g Th/kg HzO slurry of
800°0-fired oxide which had been micropulverized to an average particle
size of 1 micron. At silica concentrations of 5000 to 30,000 parts Si02 per
million Th0 2, the settling rates are reduced (by comparison with the pure
slurry) at all temperatures up to 250°0, but the effect is more pronounced
at the lower temperatures.
It would appear from the studies carried out so far that the relative
dispersion effect for any additive concentration depends markedly on the
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slurry temperature. The more pronounced effects are observed at temperatures below 200°C. Above 250°C the effect of the additive becomes less
pronounced and sometimes even negligible from the point of view of its
effect on the settling rate. It may be, however, that at high temperatures
the additive could change the viscous properties of the slurry in a dynamic
system and not affect its settling rate in a quiescent state (essentially zero
shear stress) at the same temperature.
4-3.6 Status of laboratory development of thorium oxide slurries. Thorium oxide prepared by the thermal decomposition of thorium oxalate appears suitable for a reactor slurry at concentrations up to 1500 g Th/kg H 2 0.
Study of the preparation variables hs,s indicated that a considerable control can be exercised over the properties of the slurry oxide.
Little is known as to what physical and chemical properties of thorium
oxide are import.ant in determining its handling characteristics in water
at high temperatures, and studies are being made to determine these
properties. Sulfate and silicate additives have been shown in settling studies
to have a marked effect on the dispersion characteristics of slurries at
temperatures below 200°C, but at reactor temperatures the effect of the
additive on the settling rate diminishes and may be negligible. The effect
of additives on the rheological properties of slurries at reactor temperatures
has not yet been determined. Attempts are being made to obtain slurries
of ideal rheological characteristics by the preparation of oxide of controlled
particle size, shape, and surface activity.
4-4.

ENGINEERING PROPERTIES*

4-4.1 Introduction. The major difference in descriptions of the engineering properties of aqueous suspensions (compared with aqueous solutions) arises from the fact that suspensions may exhibit either Newtonian
or non-Newtonian laminar-flow characteristics. The consequences of the
possibility of these two different types of behavior modify conventional
heat transfer, fluid flow, and sedimentation correlations, and are important
in the design of large systems for handling slurries.
The magnitude of the effects that can be observed with non-Newtonian
slurries is illustrated in Fig. 4-14, where the critical velocity for the onset
of turbulence is shown to be a strong function of the slurry yield stress and
almost independent of coefficient of rigidity and pipe diameter [59]. The
usefulness of laminar-flow measurements in characterizing different
suspensions, as well as the application of these constants to a variety of
correlations, will be given in the following sections.
*By D. G. Thomas.
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Frn. 4-14. Effect of slurry physical properties on velocity for onset of turbulence
p= 100 lb/ft 3 , D= 1to24 in.
TABLE

4-6

SPECIFIC-HEAT CONSTANTS FOR THE
OXIDES OF URANIUM AND THORIUM

[61]

(Gp= a+ (bx 10-a)T+ c x 10s;r2)

Material

a

b

c

H20
Th02
U02
UaOs
UOa

11.2
16.45
19.20
(65)
22.09

7 .17
2.346
1.62
(7 .5)
2.54

-2.124
-3.957
(-10.9)
-2.973

-

Temp. range, °K
-

to 1970
to 1500

to 900
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4-4.2 Physical properties. The heat capacity of suspensions of solids is
commonly taken as the sum of the heat capacities on a weight basis of the
liquid and the solid at the bulk mean suspension temperature, each multiplied by its respective weight fraction in the suspension [60]. Specific-heat
values for pure thorium and uranium oxides are given in Table 4-6.
Thermal conductivity data for mixtures of solids have been correlated
[62] using Maxwell's [63] equation:
(4-1)
for the electrical conductivity of a two-phase system. This equation was
subsequently used to correlate conductivity data for suspensions of solids
in a gel [64]. However, the thermal conductivity of suspensions has not
been shown to be independent of the rate of shear [65]. The thermal
conductivity of sintered thorium oxide having a bulk density of 8.16 g/cc
was found to decrease from 6.0 to 2.5 Btu/(hr) (ft) (°F) as the temperature was increased from 140 to 500°C [66,67].
Suspensions of solids in liquids may be either Newtonian or non-Newtonian, depending primarily on particle size and electrolyte atmosphere
around the particles [68]. Newtonian and non-Newtonian materials are
classified and compared by means of shear diagrams in which the rate of
shearing strain, dv,/dr, is plotted against the shear stress, T. Newtonian
fluids are characterized by a shear diagram in which the rate of shearing
strain is directly proportional to the shear stress, as shown in Fig. 4-15, the
viscosity being given by:
µ

= -gcT/(dv,/dr),

(4-2)

where the coefficient of viscosity, µ, is independent of the rate of shearing
strain. On the other hand, non-Newtonian fluids have a variable viscosity
that is a function of the rate of shear and in some cases of the duration of
shear. Detailed discussions of non-Newtonian materials are available
elsewhere [69-72].
Einstein [73] has shown that the viscosity of dilute suspensions of rigid
spherical particles is a function of the volume fraction of solids in the
suspension and is independent of particle size, as shown in Eq. (4-3):
µ.

= µ(1+2.5cf>),

(4-3)

where cf> is the volume fraction of solids in the suspension. It was assumed
that the system was incompressible, that there was no slip between the
particles and the liquid, no turbulence, and no inertia effects, and that the
~acroscopic hydrodynamic equations held in the immediate neighborhood
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FIG. 4-15. Classification of Newtonian and non-Newtonian materials by shear
diagram.

of the particles. Einstein's treatment for dilute suspensions has been
extended by Guth and Simha [74], Simha [75], de Bruyn [76], Saito [77],
Vand [78], and Happel [79] to suspensions of higher concentrations. In
all these treatments the hydrodynamic interaction between particles was
considered, the extension usually taking the form of terms proportional
to </> 2 and </>3 , the terms to be added to the Einstein term 2.5</>. These
results are summarized in Table 4-7.
Theoretical treatments have also included such nonspherical particles
as ellipsoids [85] and dumbbells [86] and an empirical relationship has
been determined for rod-shaped particles [80]:
µ. = µ(1

+ 2.5F</> + 8F2q,2 + 40Faq,a),

(4-4)

where F is dependent upon the axial ratio, but not upon size or concentration of the rods. Values of F, determined with a Couette viscosimeter, are
given in Table 4-8.
The viscosities of suspensions of UOa · H20 rods and platelets with
uranium concentrations of up to 250 g/liter were measured [87] with a
modified Saybolt viscosimeter at temperatures from 30 to 75ac. There was
no detectable difference in viscosity between the slurries of rods and those
of platelets at these uranium concentrations. The vis~osity values given in
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4-7

COMPARISON OF THEORETICAL AND EMPIRICAL EXTENSION OF
THE EINSTEIN RELATION TO HIGHER CONCENTRATIONS

(All relations are of the form µ.=µ(I+ A 1 <P + A 2 ¢ 2 + A3</>3)

Author

Reference

Ai

A2

Aa

Comments

7.349

0

Considered mutual hydrodynamic interaction and
collisions between particles and pairs of particles

0

Considered mutual hydrodynamic interaction; neglected formation of pairs

Vand

[78]

1.5

Guth and
Simha

[74]

2.5

14.1

de Bruyn

[76]

2.5

2.5

2.5

Considered only mutual hydrodynamic interaction

Saito

[77]

2.5

2.5

2.5

Considered only mutual hydrodynamic interaction

Gosting and
Morris

[84]

3.35

0

0

Very dilute

Oden

[83]

2.5

0

Sulfur sols

Boutaric and
Vuillaume

[82]

2.5

75

0

As2Sa sols

[80]

2.5

9 to 13

0

Glass spheres in water

[81]

2.5

7.17

16.2

[79]

5.51/1*

30 to 60

Eirich
Vand
Happel

-

-

Glass spheres in Znl2water-glycerol solutions
Each particle confined to a
cell of fluid bounded by
frictionless envelope

*1/1 =Interaction factor, 1.00 at <P = O; 4.071 at <P = 0.50.
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TABLE

4-8

VALUES OF CORRECTION FACTOR,

F,

FOR

EFFECT OF AXIAL RATIO OF RODS
IN VISCOSITY OF SUSPENSIONS

L/D

F

5
11
17
23
25
32
50
75
100
140

2.1
2.25
2.60
4.20
5.60
7.0
11.0
22
32
50

Ref. 87 were used to determine the value of the shape factor Fin Eq. (4-4),
which was derived for rod-shaped particles. The value of F for the
UOa · H20 data is 2.4 ± 0.7, corresponding to an L/D of about 14 (from
Table 4-8). This agrees very well with the dimensions reported for the
rodlets of from 1 to 5 microns diameter and 10 to 30 microns long [87].
(The dimensions for platelets were 6 to 50 microns on edge and about
1 micron thick.)
Powell and Eyring [88] have applied the theory of absolute reaction
rates to arrive at a suggested general relation between the shear stress and
the shear rate for non-Newtonian fluids:
r

=!

dv
c dr

+ !b sinh-1(!a dv)·
dr

(4-5)

It is found that in the range of most common interest, 103 < (dv/dr) < 10 5 ,
sinh- 1[(1/a)(dv/dr)] = 6.4 ± 3.5 for a variety of Th0 2 slurries [89] and does
not change rapidly with changes in dv/dr. Thus 1/b sinh- 1[(1/a)(dv/dr)]
is in effect r y in the Bingham equation [90] for an idealized plastic:
dv
dr

= rJ~ (r- r Y ).

(4-6)
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For convenience, the apparent yield stress, Ty, and the coefficient of
rigidity, 1/, will be used to characterize different uranium and thorium
oxide slurries [72].
If it is assumed that the particles in a flocculated non-Newtonian slurry
stick together in the form of loose, irregular, three-dimensional clusters in
which the original particles can still be recognized, and further that the
yield stress is a manifestation of the breaking of these particle-particle
bonds, then for constant isotropic bond strength the yield stress should be
proportional to the cube of the volume fraction solids. Since the shear
forces are exerted in a plane, the yield stress should also be proportional
to the number of particles per unit area, and hence, for constant volume
fraction solids, the yield stress should be proportional to the reciprocal of
the square of the particle diameter.
Data on the yield stress and coefficient of rigidity as a function of
concentration for three particular uranium oxide preparations [91] are
summarized in Table 4-9. The yield stress-volume fraction solids data
may be expressed by a relation of the form
(4-7)

Values of k 1 for the three different oxides are shown in Table 4-9. The
data for the coefficient of rigidity may be fitted by a relation of the form
1J = µ exp[k2cf>],

(4-8)

using values of k 2 given in Table 4-9.

TABLE

4-9

RHEOLOGIC PROPERTIES OF NaN-NEWTONIAN
URANIUM OXIDE SLURRIES

Particle-size
distribution
k2

Oxide
<T

U02
UaOs
UOaH20

1. 7
2.0
1. 9

= ln('17/µ)
cf>

Dp,

k1 =Ty'

cf>4

lb/ft 2

microns

1.4
1.3
1.2

1.8
2.2
2.2

150
230
430

TABLE

4-10

RHEOLOGIC PROPERTIES OF NON-NEWTONIAN THORIUM OXIDE SLURRIES

Oxide designation
Agitation

Calcination
temperature,

S-59
200A-1
200A-11
W-30
L0-25-S
200A-14
L0-25-1
L0-22

Particle-size
distribution

oc

Method

650
800
800
1600
1600
1600
1600
1600

Pump
Pump
Pump
Waring blend or
None
Pump
None
Mikro-pulverizer

Duration,
hr

Temp.,

325
234
900-1800
0.5

290
300
300
50

-

3787
-

4 passes

oc

-

300

30

(}'

2.7
2.9
2.8
1. 9
1.5
1.8
1. 7
1. 7

Ty

k _ In(17/µ)
4<P

ka

= q,a'

lb/ft 2

Dp,
microns
0.030
0.58
0.75
1.0
1. 6
1.4
2.0
2.4

2.4
1.8
1.4
1.5
1. 2
0.8
1.0
1. 2

1100
470
550
145
100
60
44
33
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Fm. 4-16. Effect of particle diameter and volume fraction solids on Th01 slurry
yield stress.

The yield stress and coefficient of rigidity as a function of volume
fraction solids for a variety of different Th0 2 slurries [89] are given in
Table 4-10. The yield stress-volume fraction solids curves can be fitted
by a relation of the form
(4-9)

The coefficient of rigidity-volume fraction solids curves can be fitted by
a relation of the form
TJ

= µ exp(k4</>).

(4-10)

The data given in Table 4-10 were obtained with Th02 slurries having
a pH less than 6 and whose rheological constants were relatively insensi-
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Frn. 4-17. Effect of electrolyte on Th02 slurry yield stress.

tive to dilution and reconcentration and therefore could be considered as
having a similar and reproducible electrolyte atmosphere associated with
the particles [89]. On the basis of the above considerations a plot of k3
(Eq. 4-9) versus mean particle diameter was found to fall on a line of
slope minus two on a log-log plot, as suggested by the plausibility arguments given above. Therefore the data of Table 4-10 were plotted as
TyD; versus volume fraction solids. All points fell within the two lines
shown in Fig. 4-16. It is believed that the spread of data is largely due
to effects of the electrolyte atmosphere [89], since the deviations from
the mean particle size were similar. The influence of small quantities of
electrolyte on the yield stress of a particular Th0 2 slurry [92] is shown
in Fig. 4-17. Similar behavior for particulate systems has been described
elsewhere [68,93].
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Preliminary measurements [94] of rheologic properties of Th0 2 slurries
at temperatures up to 290°C indicate that the yield stress is essentially
independent of temperature (±303), whereas the coefficient of rigidity
decreases with temperature, although not to the same extent as water.

4-4.3 Fluid flow. The pressure drop due to friction for viscous flow of
Newtonian fluids through pipes is given by the Poiseuille equation:
(4-11)

The same equation may be used for non-Newtonian suspensions, provided that the "apparent" viscosity, µa, is substituted for the viscosity.
Buckingham [95] has presented a mathematical relationship for the flow
of Bingham plastics in circular pipe:

8V /gcD

=

(lj17)(Tw -(4/3)Ty + (lj3)r~jT~).

(4-12)

For large values of Tw, the last term of Eq. (4-12) becomes small, and the
resulting expression for the shear stress at the wall, Tw, when combined
with Eq. (4-13),
(4-13)
Tw=D!::..p/4£,
gives
(4-14)
!::..p = 3217 LV /gcD 2 + (16/3)Ty L/D
for the pressure drop of a Bingham plastic in laminar flow.
Hedstrom [96] has proposed a simple criterion to distinguish between
laminar and turbulent flow of Bingham plastic materials. The Reynolds
number at which turbulence sets in is determined by the intersection of
a parametric curve, defined by
(4-15)
(4-16)

and the turbulent Newtonian friction curve on a Fanning friction factorReynolds number plot, provided that the Reynolds number is defined as
DV p/17. The usefulness of the Hedstrom concept has been demonstrated
by several investigators [97,98]. Figure 4-18 is a plot of the solution of
Eqs. (4-15) and (4-16) superimposed on a friction factor-Reynolds number
diagram for Newtonian fluids flowing in smooth tubes.
In general, non-Newtonian fluids behave similarly to Newtonian fluids
in the turbulent flow region in that they exhibit relatively constant ap-
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T 11 = 0.075 lb/ft 2 , T/ = 2.9 cp.

flow.
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parent viscosity. Alves, Boucher, and Pigford [69] indicate that, in the
absence of data, the conventional friction-factor plot may be used to predict
turbulent pressure drop to within ±253, provided that the Reynolds
number is evaluated by using the coefficient of rigidity or viscosity at
infinite shear and that the density is taken as that of the slurry. However,
it has been shown that a large amount of turbulent pressure-drop data
taken with both Newtonian and non-Newtonian slurries can be correlated
using the usual friction factor-Reynolds number plot provided the density
is taken as that of the slurry and the viscosity as that of the suspending
medium [99-105]. Data obtained [106] with two different Th0 2 slurries
using three different tubes are shown in Fig. 4-19. As can be seen, the turbulent friction-factor line is below the smooth-tube Newtonian line at low
Reynolds numbers and approaches the smooth-tube line at high Reynolds
numbers.
Vanoni [107], who reviewed the literature on sedimentation transportation mechanics through 1953, has pointed out that although a quantitative
description of the phenomena was unavailable at that time, it was clear
that sediment movement is intimately associated with turbulence.
Subsequent work either has been largely of an empirical nature [108-110]
or has unquestioningly accepted and used [111-113] generalized flow relations which have been developed for homogeneous Newtonian fluids
[114]. Undoubtedly the presence of particulate matter in the flowing
stream will exert a perturbing influence on the flow pattern at velocities
near drop-out, and a quantitative solution to the problem must include at
least an estimate of this effect [115].
It has been proposed [116] that the velocity below which particulate
matter will be deposited on the bottom of horizontal pipes from a Bingham
plastic suspension corresponds to the critical velocity for the onset of turbulence. This velocity may be calculated approximately by setting the
modified Reynolds number (obtained by using the apparent viscosity
µa= 77(1 (JcDTy/671 V) from Eq. 4-14 instead of viscosity as usually defined) equal to 2100 and solving for the velocity:

+

V
c

= 210077 + !
2Dp

'(210077)
Dp

2\J

2

+ (4)(2100)(/cTy
6p

(4-17)

Resuspension velocities* for one particular slurry [117] in a £-in. glass pipe
are given in Table 4-11 together with the rheological properties [118] and
the critical Reynolds number calculated with the resuspension velocity.
*The resuspension velocity corresponds to the velocity at which a moving bed
disappears as the mean stream velocity is increased.
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TABLE

4-11

RESUSPENSION VELOCITY FOR BINGHAM PLASTIC TH02 SLURRIES

p,
g/cc

Concentration,
gTh
kgH20

Ty,
lb/ft 2

7],

cp

Resuspension
velocity, Ve,
fps

Critical Reynolds
number,
D VcP
7J [1

2.44
2.29
2.17
2.05
1.94
1.84
1. 76
1.65

1645
1490
1325
1180
1030
910
825
690

0.48
0.35
0.25
0.19
0.12
0.098
0.065
0.040

5.9
5.5
5.1
4.6
4.2
3.9
3.6
3.1

7.4
6.3
5.5
5.2
4.5
3.7
3.5
3.7

+ ((Jc D T y/671 Ve)]
2220
2040
2050
2240
2380
1920
2350
3460

As can be seen, the critical Reynolds number is very close to the proposed
value [116] of 2100. Additional data on a variety of slurries and different
tube diameters are being obtained [119] to further substantiate Eq. (4-17).

4-4.4 Hindered-settling systematics. The hindered-settling velocity of
slurries may be expressed as a coefficient times the Stokes' law settling
rate. Table 4-12 summarizes [120] typical coefficients obtained in theoretical and empirical investigations. A plot of these coefficients versus
porosity showed that they are substantially in agreement. Steinour [121]
introduced the concept of immobilized water in his treatment of flocculated
suspensions and showed that by defining
a=

immobilized fluid volume
solid volume

(4-18)

and making appropriate corrections to the volume fraction solids term in
his empirical equations, a good correlation could be obtained for all materials that were studied. Typical values of a for flocculated [120,121]
Th0 2 slurries are a ~ 1 to 25, which corresponds to floe densities of from
1.3 to ~6g/cc.
Hindered-settling studies [120] with Th0 2 slurries having yield-stress
characterization constants, k3, from 50 to 500, in containers having diameters from 1.6 to 10.25 cm, showed that for containers having depth greater
than six times the diameter, the onset of compaction was a function of the

TABLE
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HINDERED SETTLING OF SUSPENSIONS

U0

- D;(pp - p)g,
18 µ
'

U,=CUo

Porosity
range

C*
E4.65

Origin
of C

Reference
Author

No.

0.33-1.0

(a)

Richardson, Zaki (1954)

[123]

0.65--1.0

(a)

Steinour (1944)

[122]

0.5--0.95

(b)

Richardson, Zaki (1954)

[124]

1
1 + 6.875(1 - E)

0.8--1.0

(c)

Burgers (1942)

[125]

E2 exp [- 2.5(1- E)/1- ff(l - E)]

0.5--1.0

(c)

Hawksley (1950)

[126]

0.5--1.0

(b)

Brinkman (1947)

[127]

E2 lQ-1.82(1-<)
8

9

I.'

o 1 + !(a/R) 4

1+

-

1
(a/R) 2 - 1
(4/3)(a/R) 2 -

8
(3/4)(1 - El[ 1 - 1-E
- - - 3J

t In (R/a)

dh
b

0.106

E3 /(1-

E)

0.5--0.8

(d)

DallaValle et al. (1957)

[128]

0.123

E3 /(1-

E)

0.5--0. 785

(d)

Steinour (1944)

[122]

0.5--1.0

(d)

Loeffler, Ruth (1953)

[129]

(e)

Powers (1939)

[130]

(e)

Steinour (1944)

[131]

Ea
(1 - E)[ 2k + l

~ EJ

0.10 (E - W;)•
1-E
0.123(E - W;) 3
(1 - W;) 2(1 - E)

0.5--0.82
w; = 0.27 to 0.35 for variety of emery powders

*The term E refers to volume fraction liquid. (a) Experimental settling rate. (b) Drag theory.
(d) Empirical- hydraulic radius. (e) Empirical :c:- hydraulic radius for flocculated systems.

(c) Stokes' law using physical properties of suspension for p andµ.
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Fm. 4-20. Effect of angle of container inclination on Th0 2 slurry hindered
settling rate. Slurry concentration 300 g Th/kg H 2 0, container diameter 1.63 in.

slurry yield stress, slurry concentration, and container diameter, the particular relation being
D

= (0.07 ± 0.02)ka l -

</>~
(l - </>.) 3 .65 •

(4-19)

where the concentration term, </>., is the value for the onset of compaction.
Settling-rate data obtained [122] in inclined tubes showed a maximum
at an angle of about 50° from the vertical, with typical results being given
in Fig. 4-20. The spread in the data is largely due to the difficulty in dis.cerning an interface due to supernate rushing upward as the thoria
settles out.
4-4.5 Heat transfer. Grigull [131] has presented a theoretical treatment
of heat transfer to pseudoplastic and Bingham plastic non-Newtonian
fluids for laminar flow through tubes. Theoretical treatments of laminar
heat transfer to pseudoplastic materials have been given for a variety of
boundary conditions [132-134]. Pigford [135] has shown that, for Bingham plastics, the laminar isothermal coefficient should increase less rapidly
than the 1/3 power of the mass flow rate and the magnitude of these

174

[CHAP.

TECHNOLOGY OF AQUEOUS SUSPENSIONS

4

+

coefficients should be increased bY. the factor [l (1/9)(rw/r1J], approxi·fnately. Bailey [136] substituted Eqs. (4-13) and (4-14) into Eq. (4-6)
to obtain an approximate expression for the velocity gradient and then
substituted that expression into Leveque's solution [137] for the case of
constant wall temperature and uniform fluid temperature at the entrance
to the tube, to obtain:

hD =
k

1615(vPcD2)1/3(1 + {/TyD)l/3.
.

kL

(4-20)

2417V

Experimental data [106] are in substantial agreement with Eq. (4-20).
The principal uncertainty in non-Newtonian heat transfer in the transition and turbulent region is the criterion for the onset of turbulence and
range of the transition region. Data taken in fully developed turbulent
flow with a variety of solid-liquid suspensions may be correlated satisfactorily with the Dittus-Boelter equation (or variations of it), with some uncertainty about the best viscosity to use in the correlation [138-142].
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Fm. 4-21. Heat-transfer and fluid flow characteristics of Th02 slurries.
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Fro. 4-22. Slurry blanket mockup.

Figure 4-21 gives experimental data [106] for heat transfer to the Th02
slurry with which the pressure-drop measurements of Fig. 4-19 were made.
Comparison of the heat-transfer and pressure-drop data shows that although the onset of turbulence in heat transfer occurs at Reynolds numbers
greater than the 2100 expected for Newtonian fluids, it corresponds exactly
with the experimental critical Reynolds number for the onset of turbulence
obtained from the pressure-drop measurement (which can be predicted
approximately by the Hedstrom criterion). The transition region then
extends to Reynolds numbers a factor of four or five greater than the
critical, as is the case with Newtonian materials. Heat transfer to Th02
slurries in fully developed turbulent flow is the same as that predicted by
the usual Newtonian correlations [143] to within the precision of the experimental data. The very interesting question as to whether a suspension
has more desirable heat-transfer characteristics than a pure liquid, as
indicated by the results of Orr and DallaValle [139], or whether the yield
stress of a Bingham plastic decreases the heat transfer coefficient, as suggested by Lawson [142], remains unanswered by these results [106] on
Th0 2 slurries.
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4--5. OPERATING EXPERIENCE WITH THE HRE-2 SLURRY BLANKET
TEST FACILITY*

4-5.1 Introduction. The purpose of constructing the HRE-2 slurry
blanket test facility was to determine whether the blanket system installed
in the HRE-2 for use with solutions could be used with slurry and, if so,
what modifications would be required. The facility, often referred to as
the blanket mockup, was a full-scale replica of the HRT blanket circulating
system with respect to the reactor-vessel dimensions, piping size, circulating
pump, and heat-exchanger tubing size. The pressurizer and piping configurations were not the same, and the high-pressure heat exchanger contained only one-fifth as many tubes as the HRE-2 heat exchanger. A
general view during the last stages of constructions [144] is shown in
Fig. 4-22.
The system was divided into a high-pressure and a low-pressure section,
since the reactor vessel available was a steel prototype, good for only a few
hundred psi, and could not be used during circulation and heat-transfer
tests at high pressure. A schematic drawing [145] of the slurry blanket
mockup system is given in Fig. 4--23. The slurry stream entered the
60-in.-diameter mockup pressure vessel (which contained a stainless steel
replica of the HRE-2 core) through two inlet nozzles arranged to direct the
flow in opposite directions on either side of the core inlet, with the expectation [146,147] that the flow pattern in the blanket would consist of two
vortices which would rotate in opposite directions in parallel vertical planes,
thus preventing deposition of sediment on the bottom of the pressure
vessel. The slurry was removed at the top of the vessel by putting a shroud
around the core outlet and removing the fluid through this shroud. It was
also expected [146,147] that as the slurry moved across the top of the core
vessel to the shrouded outlet, the rotating motion produced by the inlet
nozzles would set up a free vortex in a horizontal plane, the accompanying
increase in angular velocity of the fluid as it moved toward the axis tending
to sweep the top of the core vessel free of solids. The design of the inlet and
outlet nozzles was based on successful tests with an 18-in. model of the
vessel [146]. Slurry leaving the pressure vessel flowed to the circulating
pump, a Westinghouse type 230A canned-motor pump having a design
point of 230 gpm at 50-ft head and a working pressure of 2000 psi which
produced a pipeline velocity of 10 ft/sec at its nominal capacity. From the
pump, the slurry stream entered the pressurizer, a 6-in. schedule-160
vertical pipe, with an over-all height of 14 ft 0 in. above the inlet. Entering
flow was directed down and out of the pressurizer with a reducing tee, and
*By D. G. Thomas.
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Fm. 4-23. Slurry blanket test system.
baffles were installed above the inlet to damp out any vortices. System
pressure was maintained by a 10-kw heater located just below the liquid
line on the top of the pressurizer. Slurry flowed to the bottom of the mockup
pressure vessel from the pressurizer. The main loop auxiliaries consisted of a
slurry feed system and a letdown and dump system, which provided
system versatility during startup and shutdown. A detailed description
of the system is given in reference [145].
4-5.2 Operation of blanket pressure vessel mockup system. Initial experiments [145] in the 60-in.-diameter vessel (duplicating the HRE-2)
at 170 and 200°C showed that a scale-up based on maintaining equal
superficial vertical velocity at the equator and equal inlet nozzle velocities
was inadequate to maintain a uniform suspension. At 170°C, a sharp
concentration gradient was found, and above 180°C most of the slurry
charge remained essentially stagnant in the blanket, with quite dilute
slurry circulating through the piping loop. The increase in settling rate
with temperature is believed to account for the effect of temperature on
slurry distribution.
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As a result of the initial tests the following changes were made in the
mockup system [148,149]:
(1) The circulating pump was reassembled with a 300-gpm stainlesssteel impeller.
(2) The blanket inlet nozzles were redesigned, with the nozzle diameter
being reduced from 2.16 in. to 1.50 in.
(3) A steam sparging system was installed just above the inlet nozzles to
aid in maintaining the slurry in suspension during a dump.
Although these changes are relatively minor in nature, they resulted in
significant improvement in blanket operation [150]. Hydraulic measurements with water showed that the loop flow was increased from 230 to
350 gpm, the head developed was increased from 50 to 56 ft of fluid, the
pressure drop through the blanket went from 7.3 to 33 ft of fluid, and the
loss across the blanket inlet nozzles went from 5.5 to 25 ft of fluid. During
system operation at 200°C with a slurry made from Th0 2 calcined at 800°C,
samples were withdrawn from 36 different locations in the blanket vessel.
The mean value of the concentration was 610 g Th/kg H 20 with a deviation at the 953 level of 75 g Th/kg H20. The average concentration of the
loop circulating stream was 647 g Th/kg H 20, and an average blanket
vessel concentration of 655 g Th/kg H 20 was obtained from a gamma-ray
transmission scan of the vessel. Only about 40 kg (out of a total charge of
1000 kg) was unaccounted for by inventory on the system at this time.
This material appeared to be more or less stagnant in the blanket region on
top of the core vessel and at the bottom of the pressure vessel. The evidence
for this was as follows:
(1) The blanket samples indicated high-concentration regions on the
top of the core vessel and on the bottom wall of the pressure vessel.
(2) Gamma-ray transmission scans of the blanket vessel indicated the
highest concentration at the top of the core vessel.
(3) Addition of uranium tracer to the circulating stream indicated that
10 to 15 kg of Th02 was immobilized in the blanket and was only slowly
mixing with the circulating stream; this was supported by examination
of the slurry remaining in the system at the conclusion of the test, when a
pure white layer containing no uranium was found to be partially covered
over with a yellow layer containing a substantial quantity of uranium,
both layers being found on the top of the core vessel.
During this operation at a flow rate of 350 gpm the temperature of the
system was raised and lowered at will between 150 and 200°C with no significant change in circulating concentration. That this marked improvement in operating characteristics over the initial tests was due to the small
system changes and not due to a change in slurry properties was indicated
by the results from operation with the electrical frequency of the pump
motor reduced from the normal 60 cycles to a value giving pump flow
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characteristics similar to those in the initial tests. Reduction of the frequency to 42 cycles with a blanket temperature of 190°C gave a circulating
concentration of 265 versus 625 g Th/kg H 2 0 charged. The blanket
samples averaged 495 g Th/kg H 2 0. These results are quite similar to
those observed in the initial tests.
Operation of the steam sparging system during the dumping operation
at the end of the run allowed recovery of all but 50 liters of the slurry from
the blanket (total blanket volume, 1600 liters), compared with about
200 liters remaining at the end of the dump after the initial tests.
During operation with redesigned inlet nozzles, a number of experiments
were run in which the pump was shut down for periods up to 3 hr. In every
case the slurry settled rapidly to a concentration of approximately
800 g Th/liter and then gradually compacted to a concentration of approximately 1500 g Th/liter. On restarting the pump, no difficulty was
experienced in resuspending the slurry, and the original slurry distribution
was re-established in approximately 2 min. This proved to be one advantage
of operating with a highly flocculated Th0 2 slurry compared with operation
with a deflocculated slurry that would settle to much more dense beds
that are correspondingly more difficult to resuspend.
Among the problems that have been more clearly defined as a result of
the tests on the blanket mockup are:
(1) The necessity of establishing the effect of settling rate on the slurry
distribution.
(2) Determination of the scale-up laws for applying small- or intermediate-scale results to full-scale systems.
(3) Evaluation of the danger of possible boiling at the core wall due to
high heat flux and low fluid velocities.
4-6.

RADIATION STABILITY OF THORIUM OXIDE SLURRIES*

4-6.1 Introduction. Experiments have been carried out at the Oak
Ridge National Laboratory as part of a continuing program to determine
the effect of radiation on the physical properties of aqueous suspensions of
thorium oxide. Since changes in particle size, surface properties, and viscosity of the suspension might have a deleterious effect on the operability
of a· homogeneous-reactor slurry system, these properties were examined
in detail.
Suspensions of thorium oxide and thorium oxide containing 0.5 mole %
of either natural or highly enriched UOa were irradiated in the Low Intensity Test Reactor (LITR) at a thermal-neutron flux of 2.7 X 1013
neutrons/(cm 2 )(sec). Although more than 40 irradiations were carried
out, no significant changes in the properties studied were noted [151].
*By N. A. Krohn and J.P. McBride.
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Fm. 4-24. Parts and assembly of in-pile autoclave for slurry irradiations.

4-6.2 Experimental technique. The experiments were carried out in
small, cylindrical, stainless steel autoclaves such as shown in Fig. 4-24.
Thermocouples welded into the bottom closure and a 20-mil-ID steel capillary in the top permitted a continuous measurement of temperature and
pressure. Continuous stirring was accomplished by means of a dashpot
type stirrer of Armco iron clad with stainless steel, with a stainless steel stirring head. The capacity of the autoclave with stirrer was approximately
14 ml.
The stirrer was made to reciprocate at 3 to 4 cycles/sec by alternately
energizing two solenoid coils of double glass-insulated aluminum wire
wrapped around the autoclave body. The timing unit consisted of a multivibrator circuit whose frequency of oscillation and cycle time division
could be controlled by varying resistances in the circuit. The timer unit,
in turn, controlled the grids of two pairs of thyratrons which furnished
power to the solenoids. Stirrer operation was monitored by a tickler coil
connected to an oscilloscope.
The radiation facility consisted of a double-walled aluminum tube ""7 /8
in. in inside diameter which extended from the top of the LITR through
approximately 20 ft of water into the reactor core. The autoclave was
lowered into this tube on a bundle of wires containing the electrical leads,
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thermocouples, and pressure capillary. During reactor shutdown the autoclaves were maintained at 300°C by the heat generated by the stirring
coils. Heat was removed during reactor operation by air which flowed
down the tube, over the autoclave, and back through the annulus provided by the double-walled tube.
The uranium-bearing oxides were prepared by wet-autoclaving mixtures
of Th02 and U03 (about 903 enriched uranium) at 300°C or by coprecipitating thorium and uranous oxalates and calcining to the oxide.
The autoclaves were loaded with 5 ml of slurry at room temperature, which
expanded to fill half of the autoclave at 300°C. When uranium-bearing
slurries were irradiated, either palladium oxide or molybdenum oxide was
added to catalyze the recombination of radiolytic hydrogen apd oxygen
(see Section 4-7). In some experiments an oxygen overpressure of 200 to
250 psi was added at room temperature.
Viscosity measurement. The versatility of the timing device described
above made possible the measurement of relative slurry viscosity both
in-pile and out-of-pile. It was found that the time it takes the stirrer to
reach its maximum height for a fixed solenoid current is dependent on the
viscosity of the autoclave contents. The "rise time" was determined by
adjusting the frequency and load division so that the upper solenoid was
de-energized the instant the oscilloscope indicated that the stirrer had
reached the top of its travel. The rise time in seconds was then obtained
by dividing the load division by the frequency.
Calibration curves of rise time versus viscosity were made using a
silicone oil of known viscosity at various temperatures. Low viscosity
points were obtained using water and air.

4-6.3 Irradiation results. Viscosities, x-ray crystallite sizes, particle
si;m, and settled concentrations appeared unaffected by the irradiation, as
indicated by the data shown in Table 4-13. Measurements made on irradiated and nonirradiated materials were the same within the limits of
error. The mean particle sizes were in general not changed significantly;
however, in two cases, involving samples cooled for 10 and 11 months, a
large increase in mean particle size was observed. It is possible that the
long cooling period allowed hard agglomerates to form which were not
broken up by the brief shaking prior to opening of the autoclaves. One experiment cooled 12 months did not show an agglomeration effect. In
general, the irradiated slurries poured readily from the autoclave, and no
tendency toward caking was observed even on samples irradiated in settled
condition for 10 days.
Chemical and radiochemical analyses of both phases· of the irradiated
slurries showed the bulk of the fission products, protactinium, and uranium
to be associated with the solids. Only cesium appeared in the supernatant
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4-13

EFFECT OF RADIATION ON THE PROPERTIES
OF THORIUM OXIDE SLURRIES

Conditions: 300°0, 2. 7 X 10 13 neutrons/(cm 2 )(sec)

Property

Precipitation temp., °C
Calcination temp., °C
Radiation time, hr.
Slurry concentration,
g Th/kg H20

Th02

Th02+0.5%
nat. U03<aJ

Th02+0.53
u23so 3<b>

40
900
175-300
750

40
900
151-172
750

10
900
168-314
750

Viscosity, centistokes
16
16

Control
During irradiation

-

4-7
5

X-ray crystallite size, A
Original
Irradiated

350-464
315-540

350
295-350

1100
1400

1500
1600-1700

1400
1400-1500

1-2

2.8

2.1-2.3

1.1-314

1.8

-

Settled cone., g Th/liter
Control
Irradiated

Mean particle size, microns<c>
Control
Irradiated and cooled up
to 6 months
Irradiated and cooled
10-12 months

1-1.8
-

-

15<d)

(a) 650°C-fired Th02 wet-autoclaved at 300°C with U0 3 · H20; mixtures refired
at 900°C.
(b) Prepared as in (a) and also by thermal decomposition of the coprecipitated
thorium-uranous oxalates.
(c) Measured by sedimentation in dilute suspension dispersed with 0.005 M
Na4P201.
(d) The result in two experiments; a third test showed no change in average
particle size.
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in significant amounts. Strontium appeared to absorb less on the higherfired materials. The ruthenium analyses were inconsistent, the probable
result of the perchloric acid dissolution treatment used.
Total corrosion-product pickup was similar to that obtained in out-ofpile experiments except with the slurries containing sulfate, which showed
higher corrosion-product pickup under irradiation. All of the iron and
most of the nickel and chromium were associated with the slurry solids.
The greater part of the corrosion-product pickup resulted from abrasive
attack by the slurry solids under the action of the stirrer.

4-7.

CATALYTIC RECOMBINATION OF RADIOLYTIC GASES IN AQUEOUS
THORIUM OXIDE SLURRIES*

4-7.1 Introduction. Radiolytic decomposition of the aqueous phase of a
thorium oxide slurry blanket will produce a stoichiometric mixture of
deuterium and oxygen which must be recombined. Total recombination
may be accomplished external to the blanket system by suitable methods.
It would be advantageous, however, to recombine the gases internally to
minimize both reactor control problems accompanying bubble formation
and engineering problems associated with external recombination. The
magnitude of the internal-recombination reaction desired may be judged
from the estimate that an aqueous thorium oxide-uranium slurry breeding
blanket may produce from 2 to 3 moles of H2 and 1 to 1.5 moles of 02 per
hour per liter of slurry by radiolytic decomposition, assuming a G-value
of lt and an average blanket flux of 6 X 1013 neutrons/(cm 2 )(sec). This
is within a factor of 2 of the decomposition one would expect for a solution
at the same power density.
Work on the development of a ·catalyst for use in thorium oxide slurries
to recombine the radiolytic gases has been carried out as a part of the
Homogeneous Reactor Project at the Oak Ridge National Laboratory [152].
More recently, Westinghouse (Pennsylvania Advanced Reactor Project)
undertook similar studies. The experimental approach at both laboratories has been similar, and the results are in reasonable agreement. While
sufficient data have been obtained to assure that a catalyst can be used in
both thorium and thorium-uranium oxide slurries for complete internal
radiolytic-gas recombination, specific conditions for the most efficient
catalyst preparation and use have not as yet been established.

*By L. E. Morse and J.P. McBride.
tMolecules of water decomposed per 100 ev of energy dissipation in the slurry.
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4-7.2 Experimental techniques and method of analysis. The out-of-pile
tests were carried out in ""15-ml stainless-steel autoclaves provided with a
thermocouple well and a capillary pressure connection through the top
closure. The autoclaves were approximately half filled with the slurry containing an appropriate catalyst, closed, and charged with 550 psi oxygen
and then 900 psi hydrogen from regular high-pressure cylinders. To
minimize corrosive attack at temperature, the oxygen charged was in
excess of the stoichiometric 1: 2 rati~ to hydrogen. The autoclaves were
raised to temperature in an appropriate furnace, mechanically agitated,
and the decrease in pressure with time was followed continuously by appropriate instrumentation.
For a stoichiometric mixture of hydrogen and oxygen, the rate of pressure decrease was proportional to the total gas pressure in excess of a
certain minimum pressure (i.e., steam and inert gases). A plot of pressure
data in the differential form, l:::..P/ l:::..t versus P, resulted in a straight line,
the slope of which, k .. , was a measure of the experimentally observed firstorder reaction rate.
While the experimental data are insufficient to establish firmly that the
reaction rate is first order, it is convenient to present the data in this form
and assume a first-order dependence on hydrogen partial pressure:*
dPH 2

~=

k p
r

H2,

where PH. is the hydrogen partial pressure, t the time in hours, and k ..
the observed reaction rate constant (hr- 1). The moles of H2 reacted per
hour per liter of slurry, dn/dt, for any given hydrogen partial pressure
may be calculated, assuming the ideal gas law, from
dn k"'PH 2 V 0
dt = RT V.'

where V 0 and V. are the gas and slurry volumes and Rand Tare the gas
constant and absolute temperature. The recombination rates calculated
in this way are conservative in that only the hydrogen removed from the
gas phase is taken into account, and dissolved and adsorbed gases are
ignored. The method of analysis is convenient, however, and permits the
evaluation of the relative activity of the various slurry and catalyst
systems.
The results of the out-of-pile tests were evaluated on the ability to attain a reaction rate equivalent to the consumption of 2 moles of H 2 per
hour per liter of slurry at 280°C and a hydrogen partial pressure of 100 psi.
*The homogeneous catalysis of the hydrogen and oxygen reaction in the case
of solutio.ns is first order with respect to the hydrogen partial pressure (see Article 3-3.4).

4-7]

CATALYTIC RECOMBINATION OF RADIOLYTIC GASES

185

4-7.3 Catalytic activity of thorium and thorium-uranium oxide slurries.
Experiments with several different samples of Th0 2 alone showed that
none of the aqueous slurries prepared with the pure oxide possessed the
desired degree of catalytic activity for the stoichiometric gas mixture.
Reaction rates in the region of 300°0 were equivalent to less than 0.1 mole
of Hz consumed per hour per liter of slurry at a partial pressure of 100 psi
Hz. The higher reaction rates appeared to be associated with the slurries
prepared with oxides having higher surface areas.
A small catalytic effect for the stoichiometric gas reaction was obtained
by incorporating uranium in the aqueous Th0 2 slurries; however, the
reaction rates remained much too slow to be useful. These tests were carried
out with aqueous slurries of simple oxide mixtures, as well as with a mixed
oxide prepared by calcining the coprecipitated thorium-urn.nous oxalates.
Heating the slurry of the latter preparation under a small hydrogen partial
pressure at 280°0 produced a marked but temporary increase in catalytic
activity which progressively diminished as further gas-recombination experiments were carried out at higher temperatures [that is, dn/dt (at PH,
= 100 psi) = 1.42 at 137°0; 0.65 at 154°0; 0.08 at 282°0).

4-7 .4 Survey of possible catalysts. The primary criterion, other than a
satisfactory catalytic activity, for a catalyst to be used in an aqueous
thorium oxide slurry blanket is that it have a low thermal-neutron absorption cross section. A convenient estimate of the allowable concentration is provided by the rule that the total cross section uf elements other
than thorium which are in the blanket slurry should be less than 10% of
that of the thorium itself.
On this basis, scouting experiments were carried out with copper sulfate,
copper chromite, copper oxide, copper and nickel powders, silver carbonate
(reduces to metal at elevated temperature), vanadium oxide, eerie oxide,
palladium oxide, and molybdenum oxide. Of these only the silver, vanadium, palladium, and molybdenum oxide showed sufficient activity at
reasonable concentrations. Silver and vanadium were rejected because of
their higher thermal-neutron cross section; palladium appeared susceptible
to poisoning, particularly at lower temperatures, < 120°0, and subsequent
development effort was concentrated on molybdenum oxide.
The preliminary catalyst evaluation was carried out with slurries of
thorium oxide fired at 900°0. Subsequent experience with molybdenum
oxide has indicated that it is inactive with low-fired oxides, and its activity
at least at low concentrations is decreased by the presence of uranium
oxide (see the following discussion). Hence in slurry systems using lowfired thorium oxide or thorium-uranium oxides, silver, palladium, and
platinum, which are active in these slurries, may prove to be useful [154).
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4-7.5 Molybdenum oxide as a catalyst. The molybdenum oxide catalyst used in the initial scouting studies of its catalytic activity was prepared
by calcining ammonium paramolybdate at 480°0 for 16 hr. It was added
to the slurry by dry-mixing 900°0-fired Th02, UOa · H20, and the MoOa
and then slurrying the mixture in water. Prior to its use in recombination
experiments, the slurry was heated under 02 at 280°0. Recombination
data obtained with slurries prepared in this way indicated that reaction
rates in the range of 1 to 6 moles of H2 per hour per liter were obtained in
slurries which were heated for 1 hr at 280°0 with hydrogen at as low a concentration as 0.025 m MoOa. Lower reaction rates (0.03 to 1.8 moles of
H2 per hour per liter) were measured for slurries not treated with H2.
It was found that the catalytic activities of the activated slurries were
independent of the method used to prepare MoOa. Also, experiments
with Mo02 indicated that it was not stable under the experimental conditions and that this form of the oxide is not the very active catalytic
species produced when the slurries were heated with H2.
The addition of sulfate up to 10,000 ppm S04= (based on thorium) did
not appear to impair the catalytic activity of the above slurry containing
0.05 m MoOa. Corrosion products resulting from the attack on the
reaction vessel at the highest sulfate concentration greatly decreased the
recombination rate. Similar slurries to which a ferric oxychloride sol
(1500 to 1600 ppm Fe/Th) was added showed decreased catalytic activities
(approximately one-tenth the iron-free rate), but reducing the iron by
treatment with hydrogen gave catalytic activities equal to or greater than
those of the iron-free systems. The addition of 634 ppm rare-earth oxides
(based on Th)* had no effect on the catalytic activity.
Subsequent experiments indicated that in slurries of mixed thoriumuranium oxides, the order of addition of the slurry solids, the method of
incorporating the uranium, and particularly the oxide firing temperature
and time were important. It was necessary in some cases to fire mixed
oxides containing 0.5 mole % uranium as high as 1000°0 for as long as
16 hr to give an active slurry with the molybdenum oxide. Lower firing
temperatures or a shorter firing time at 1000°0 did not give an active
slurry.
Oxides fired above 1000°0 (4 hr at 1200 or 1600°0) gave very active
slurries. Table 4-14 gives the data obtained with slurries of simple mixtures of 1600°0-fired thorium oxide and U0 3 • H 20 and with a 1600°0fired mixed oxide prepared from the coprecipitated oxalates. Both preparations gave excellent combination results at 0.05 m Mo0 3 both before and
*Estimated steady-state concentration of fission-product oxides to be produced
in the thorium oxide by irradiation at a flux of 5 x 1013 neutrons/(cm 2 )(sec) and
continuous blanket processing on a 250-day cycle [155].
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TABLE 4-14
REACTION RATES OF STOICHIOMETRIC H2-02 MIXTURES
IN THORIUM OXIDE-URANIUM OXIDE SLURRIES

Oxide used for makeup of
500 g Th/kg H20 slurry

Reaction rate, moles H2/hr (liter)*
Slurry as prepared

I H2-activated slurryt

Reaction temperature, 250°C
10°C coprecipitated oxalates
(U/Th=0.005) calcined at 1600°C
for 24 hr
Mo03 additions, m:
0.012
0.024
0.036
0.048
0.06

0.2

0.2

6.86
6.40
11.5
15.3
15.2

11.0
11. 0
18.1
17. 1
15.0

Reaction temperature, 291°C
·Th02 calcined at 1600°C for 4 hr
0.5 mole 3 U added as U03 · H20
Mo0 3 additions, m:
0.012
0.024
0.036
0.048
0.06

0.02
0.02

0.02
0.40

0.08
0.10
0.24
1.04
2.53

0.05
0.05
0.62
3.46
4.16

*At 100 psi partial pressure of hydrogen.
tSlurry heated with hydrogen (250 psi at 25°C) for 2 hr at 270°C.
after treatment with H 2, but at low molybdate concentrations the simple
mixture showed lower activity. Apparent over-all activation energies of
13 to 16 kcal/mole were calculated for the hydrogen-treated slurries containing 0.05 m Mo0 3 from an Arrhenius plot of the observed reacti?n
rate constants.
Investigations of Mo03 chemistry by the Houdry Process Corporation [156] (for the PAR Project) have shown that Mo03 reacts in hightemperature water with 650°C-fired thorium oxide and uranium oxide.
The failure of some lower-fired material and thorium-uranium mixtures
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to give active slurries may be the result of chemical reaction of the molybdenum oxide to form catalytically inactive species.
4-7.6 In-pile studies.* Radiolytic-gas production and recombination
rates were determined in the ORNL Graphite Reactor using a slurry of
Th0 2 containing approximately 2.8% uranium which was approximately
93% enriched in U 235 • The mixed oxide was prepared by coprecipitation
of thorium and uranous oxalates at 10°C followed by calcination at 650°C.
Gas production rates were calculated from the initial pressure rise observed in the autoclave at low temperatures, where the reverse reaction
rate could be neglected. The measured production rates were 1.6 X 10-4,
3.3 X 10- 4 , and 4.9 X 10- 4 moles of H2 per hour, respectively, for slurry
concentrations of 250, 500, and 750 g Th/kg H 2 0. The G-value for
water decomposition, assuming an average neutron flux of 4.2 X 10 11
neutrons/(cm 2 )(sec), an energy deposition in the slurry of 170 Mev/fission,
and a fission cross section of 580 barns, was 0.8 molecule per 100 ev.
Gas recombination rates were measured by determining the equilibrium
pressures in excess of steam for various temperatures (Fig. 4-25). Table
4-15 lists rate constants, k7r (hr- 1), calculated from the equilibrium pressures and gas production rates, assuming first-order dependence, and
making the necessary corrections for volume changes with temperature.
From an Arrhenius plot an apparent activation energy of 16.2 kcal/mole
was obtained. There is some evidence which indicates that the action of
the stirrer increases the reaction rate either by forming catalytically active
corrosion products or by providing reactive steel surfaces.

TABLE

4-15

GAS RECOMBINATION RATE CONSTAJ"iTS FROM
EQUILIBRIUM PRESSURES IN AN IRRADIATED
THORIUM-URANIUM OxrnE SLURRY

Temperature, °C

k .. , hr-I

282
275
250
235
200

0.45
0.26
0.15
0.10
0.03

*Written by N. A. Krohn.
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Temperature, °C

l/Tx 103 ,°K-l

Fm. 4-25. Equilibrium radiolytic gas pressure, excluding steam pressure, in
irradiated thorium oxide slurries.

In all the slurry stability tests in the Low Intensity Test Reactor (see
Section 4-6) where enriched uranium was present, sufficient catalyst was
added to prevent any net radiolytic-gas production. Both PdO and Mo0 3
were used for this purpose. No radiolytic gas (< 25 psi) in excess of steam
pressure was observed in these experiments. In the tests where only Th02
was used, no catalyst was necessary.
In an LITR experiment [157] carried out with a 1000 g Th/kg H 20 slurry
of 1300°C-fired thorium-uranium oxide (U 235 /Th= 0.005), sufficient
catalyst (0.02 m MoOa) was added to give a small partial pressure of
radiolytic gas. A G-value (calculated as above) for gas production of 0.6
molecule of H2 per 100 ev was obtained. From the equilibrium gas pressures at 250 and 280°C, first-order rate constants for gas recombination of
4.98 and 7.14 hr- 1 were calculated. These values compare well with rate
constants of 4.95 and 8.75 hr- 1 obtained in out-of-pile gas-recombination
experiments made with a similar slurry of the same oxide at the indicated
temperatures.

190

TECHNOLOGY OF AQUEOUS SUSPENSIONS

[CHAP. 4

BIBLIOGRAPHY

Thorium and Thorium Oxide
Thorium, A Bibliography of Unclassified Report Literature, USAEC Report
TID-3309, Technical Information Service Extension, AEC, October 1956.
DAVID, LORE S. (Comp.), Thorium, A Bibliography of Unclassified Literature, USAEC Report TID-3044, Technical Information Service Extension, AEC,
November 1953.
PRATER, W. D. et al. (Comps.), Thorium, A Bibliography of Published Literature, ed. by R. A. Allen, USAEC Report TID-3044 (Suppl. 1), Mound Laboratory, June 1955.
SACHS, FRANCES (Comp.), Literature Search on Selected Properties of Thorium
Oxide, USAEC Report AECD-3423, Union Carbide Nuclear Co., 1952.
SWEETON, F. H. (Comp.), Thorium Oxide, Literature Survey of Preparation
and Properties of, USAEC Report CF-55-8-11, Oak Ridge National Laboratory,
1955.
Thorium and Thorium-Oxide Chemistry
RODDEN, C. J. and WARF, J. C., Thorium, in Analytical Chemistry of the
Manhattan Project, ed. by C. J. Rodden, National Nuclear Energy Series,
Division VIII, Volume 1. New York: McGraw-Hill Book Co., Inc., 1950.
(Chap. 2, p. 160)
REFERENCES

1. D. F. CRONIN and DIXON CALLIHAN, Critical Mass Studies. Part VII.
Aqueous Uranium Slurries, USAEC Report ORNL-1726, Oak Ridge National
Laboratory, 1954.
2. R. N. LYON, The Choice in Thorium Oxide Slurries for the Prevention of
Caking in Circulating Systems, USAEC Report CF-57-4-77, Oak Ridge National
Laboratory, 1957.
3. D. G. THOMAS, paper presented at the 3rd Annual Meeting of the American
Nuclear Society, Pittsburgh, Pa., June 1957. (Paper 14-3)
4. JOHN P. McBRIDE, personal communication, December 1957.
5. A. S. KITZES et al., Uranium Slurry Loops, in Homogeneous Reactor Project
Quarterly Progress Report for the Period Ending Mar. 31, 1953, USAEC Report
ORNL-1554, Oak Ridge National Laboratory, 1953. (p. 123)
6. R. K. SCHOFIELD and H. R. SAMSON, Flocculation of Kaolinite Due to the
Attraction of Oppositely Charged Crystal Faces, Discussions of Faraday Soc.
No. 18, 135-145 (1955).
7. SHERMAN A. REED, Oak Ridge National Laboratory, personal communication, April 1958.
8. J. HAPPEL and H. BRENNER, A.I.Ch.E. Journal 3, 506-513 (1957). H. E.
WOLFE and G. MURPHY, Flow of an Aqueous Slurry through a Vertical Tube,
USAEC Report ISC-87 4, Iowa State College, 1957.

REFERENCES

191

9. I. KrnscHENBAUN et al. (Eds.), Utilization of Heavy Wath USAEC Report
TID-5226, Columbia University, Substitute Alloy Materials Labs., 1951.
10. J. 0. BLOMEKE, Aqueous Uranium Slurries, USAEC Report ORNL-1904,
Oak Ridge National Laboratory, 11}55.
11. A. S. KrTzEs and R. N. LYON, Aqueous Uranium and Thorium Slurries,
in Proceedings of the International Conference on the Peaceful Uses of Atomic
Energy, Vol. 9. New York: United Nations, 1956. (P/811, p. ~14) (cf. Progress in
Nuclear Engineering. Series IV. Technology and Engineering. New York:
McGraw-Hill Book Co., Inc., and Pergamon Press, 1956. (p. 317)
12. R. B. BRIGGS, Aqueous Homogeneous Reactors for Produf,ing Central-station
Power, USAEC Report CF-55-11-35, Oak Ridge National Laboratory, 1955;
(paper delivered at the annual meeting of American Society of Mechanical
Engineers, November 1955).
I
13. Pennsylvania Advanced Reactor (PAR) Project under joint contract between Westinghouse Electric Corporation and Pennsylvania Power and Light
Co., Pittsburgh, Pennsylvania.
:
14. W. H. ZACHARIASEN, The Crystal Structure of ,8-UOa·IH20, in Report for
July 1 to Dec. 31, 1946, of Mass Spectroscopy and Crystal Structure Division,
USAEC Report CP-3774, Argonne National Laboratory, 194~. (p. 20)
15. R. N. LYON et al., in Homogeneous Reactor Project !Quarterly Progress
Report for the Period Ending Mar. 15, 1952, USAEC Report ORNL-1280, Oak
Ridge National Laboratory, 1952. (p. 83)
16. R. N. LYON et al., in Homogeneous Reactor Project !Quarterly Progress
Report for the Period Ending Mar. 31, 1953, USAEC Report ORNL-1554, Oak
Ridge National Laboratory, 1953. (p. 122)
17. R. N. LYON et al., in Homogeneous Reactor Project Qu4rterly Progress Report for the Period Ending Oct. 1, 1952, USAEC Report ORNL-1424, Oak Ridge
National Laboratory, 1952. (p. 24)
18. W. H. ZACHARIASEN, Phys. Rev. 73, 1104-1105 (1948).1
19. C. D. HODGMAN (Ed.), Handbook of Chemistry and Physics, 36th ed.
Cleveland, Ohio: Chemical Rubber Publishing Co., 1954.
20. M. FoEx, Soc. Chim. (France) 55(16), 231-237 (1949).1
21. D. E. FERGUSON et al., in Homogeneous Reactor Project Quarterly Progress
Report for the Period Ending Oct. 31, 1953, USAEC Report ORNL-1658, Oak
Ridge National Laboratory, 1954. (p. 116)
.
22. 0. RuFF et al., Z. anorg. u. allgem. Chem. 180, 252-25d (1929).
23. W.R. MOTT, Trans. Am. Electrochem. Soc. 50, 165-175 (1926).
24. C. L. DuvAL, Inorganic Thermogravimetric Analysis. few York: Elsevier
Publishing Co., Inc., 1953. (p. 546)
25. R. BECKETT and M. E. WINFIELD, Australian J. Sci. Research Ser. (A)4,
644-650 (1951).
26. R. W. M. D'EYE and P. G. SELLMAN, J. Inorg. ~ Nuclear Chem. 1,
143-148 (1955).
27. V. D. ALLRED and J. P. McBRIDE, in Homogeneous Reactor Project Quarterly Progress Report for the Period Ending Oct. 31, 195~, USAEC Report
ORNL-2004(Del.), Oak Ridge National Laboratory, 1956. (p. 172) (cf. paper
delivered at the 2nd Annual Meeting of the American Nuclear Society, Chicago,
Ill., June 1956.)

192

TECHNOLOGY OF AQUEOUS SUSPENSIONS

[CHAP. 4

28. R. N. LYON et al., in Homogeneous Reactor Project Quarterly Progress
Report for the Period Ending Apr. 30, 1954, USAEC Report ORNL-1753(Del.),
Oak Ridge National Laboratory, 1954. (pp. 169-170)
29 ..J. E. SA VOLAINEN, Oak Ridge National Laboratory, private communication.
30. D. E. FERGUSON et al., in Homogeneous Reactor Project Quarterly Progress
Report for the Period Ending Jan. 31, 1954, USAEC Report ORNL-1678, Oak
Ridge National Laboratory, 1954. (pp. 88-89)
31. R. S. HANSEN and R. E. MINTURN, Iowa State College, 1951. Unpublished.
32. J. P. McBRIDE et al., Preparation and Properties of Aqueous ThoriumUranium Oxide Slurries, paper presented at the 2nd Nuclear Engineering and
Science Conference, Philadelphia, Pa., March 1957. (Paper 57)
33. F. R. BRUCE et al., in Homogeneous Reactor Project Quarterly Progress
Report for the Period Ending July 31, 1953, USAEC Report ORNL-1605, Oak
Ridge National Laboratory, 1953. (p. 138)
34. R. L. PEARSON et al., Preparation of Thorium Oxide for Homogeneous
Reactor Blanket Use, USAEC Report ORNL-2509, Oak Ridge National Laboratory, 1958.
35. W. H. CARR, Pilot Plant Preparation of Thorium Oxide, USAEC Report
CF-56-1-50, 1956; see also in Homogeneous Reactor Project Quarterly Progress
Report for the Period Ending July 31, 1955, USAEC Report ORNL-1943, Oak
Ridge National Laboratory, 1955. (p. 198)
36. D. G. THOMAS, Engineering Properties of Slurries, in HRP Civilian Power
Reactor Conference Held at Oak Ridge National Laboratory May 1-2, 1957,
USAEC Report TID-7540, Oak Ridge National Laboratory, 1957.
37. E. L. COMPERE and S. A. REED, in Homogeneous Reactor Project Quarterly
Progress Report for the Period Ending Jan. 31, 1958, USAEC Report ORNL-2493,
Oak Ridge National Laboratory, 1958.
38. V. KoHLSCHUTTER and A. FREY, Z. Elektrochem. 22, 145-161 (1916);
J. Soc. Chem. Ind. (London) 35, 668 (1916).
39. G. W. LEDDICOTTE et al., Oak Ridge National Laboratory, to be issued
(cf. Analytical Chemistry Semiannual Progress Report for Oct. 20, 1954, USAEC
Report ORNL-1788, Oak Ridge National Laboratory, 1954). (p. 21)
40. B. M. ABRAHAM et al., Particle Size Determination by Radioactivation,
Anal. Chem. 7, 1058 (1957).
41. H. P. KLUG and L. E. ALEXANDER, X-Ray Diffraction Procedures for
Polycrystalline and Amorphous Materials, New York: .John Wiley & Son, Inc.,
1954. (Chap. IX, p. 491)
42. V. D. ALLRED et al., J. Phys. Chem. 61, 117 (1957).
43. J. P. McBRIDE et al., in Homogeneous Reactor Project Quarterly Progress
Report for the Period Ending Jan. 31, 1958, USAEC Report ORNL-2493, Oak
Ridge National Laboratory, 1958.
44. J.M. DALLAVALLE, Micromeritics, 2nd ed. New York: Pitm.an Publishing
Co., 1948.
45. D. E. FERGUSON, Oak Ridge National Laboratory, 1954. Unpublished.
46. D. E. FERGUSON et al., in Homogeneous Reactor Project Quarterly Progress
Report for the Period Ending Oct. 31, 1953, USAEC Report ORNL-1658, Oak
Ridge National Laboratory, 1954. (p. 114)

193

REFERENCES

47. D. M. RICHARDSON, Adsorption of H20 by Th02 at High Temperatures,
USAEC Report CF-56-1-109, Oak Ridge National Laboratory, 1956.
48. V. D. ALLRED et al., in Homogeneous Reactor Project Quarterly Progress
Report for the Period Ending July 31, 1956, USAEC ReportlORNL-2148, Oak
Ridge National Laboratory, 1956. (p. 126)
49. E. V. JONES, in Homogeneous Reactor Project Quarterly Progress Report
for the Period Ending July 31, 1955, USAEC Report ORNL-1943, Oak Ridge
National Laboratory, 1955. (p. 192)
50. V. D. ALLRED et al., in Homogeneous Reactor Project iQuarterly Progress
Report for the Period Ending Jan. 31, 1956, USAEC Report ORNL-2057(Del.),
Oak Ridge National Laboratory, 1956. (pp. 115-120)
51. D. E. FERGUSON et al., in Homogeneous Reactor Project.Quarterly Progress
Report for the Period Ending Oct. 31, 1956, USAEC ReportlORNL-2222, Oak
Ridge National Laboratory, 1957. (p. 151)
52. C. E. SCHILLING, in Homogeneous Reactor Project Quarterly Progress Report for the Period Ending Oct. 31, 1955, USAEC Report ORNL-2004(Del.),
L
Oak Ridge National Laboratory, 1956. (p. 179)
53. E. V. JONES, in Homogeneous Reactor Project Quarterly frogress Report for
the Period Ending Oct. 31, 1955, USAEC Report ORNL-2004(Del.), Oak Ridge
National Laboratory, 1956. (p. 176)
54. S. A. REED and P.R. CROWLEY, Nuclear Sci. and Eng. I, 511-521 (1956).
55. S. A. REED, in Homogeneous Reactor Project Quarterly frogress Report for
the Period Ending Apr. 30, 1955, USAEC Report ORNU1895, Oak Ridge
National Laboratory, 1955. (p. 93)
56. V. D. ALLRED et al., in Homogeneous Reactor Project Quarterly Progress
Report for the Period Ending Apr. 30, 1956, USAEC Report! ORNL-2096, Oak
Ridge National Laboratory, 1956. (p. 112)
57. R. B. KORSMEYER et al., in Homogeneous Reactor Project Quarterly Progress
Report for the Period Ending July 31, 1956, USAEC Report ORNL-2148(Del.),
Oak Ridge National Laboratory, 1956. (p. 58)
58. C. G. LAWSON, Heat Transfer to Bingham Plastics, Thq2 Slurries Flowing
Turbulently in Tubes: An Exploratory Study, USAEC Report CF-56-9-132,
Oak Ridge National Laboratory, 1956.
59. D. G. THOMAS, paper presented at 3rd Annual Meeting of the American
Nuclear Society Held in Pittsburgh, Pennsylvania, June 1957. (Paper 14-3)
60. CLYDE ORR, Jr., and J. M. DALLAVALLE, Heat Tra*sfer Properties of
Liquid-Solid Suspensions, in Chemical Engineering Progress Symposium Series,
Vol. 50, No. 9, 29-45 (1954).
61. ALVIN GLASSNER, The Thermochemical Properties of the Oxides, Fluorides,
and Chlorides to 2500°K, USAEC Report ANL-5750, Argonn~ National Laboratory, 1957.
i
62. B. M. TAREEF, Colloid J. (USSR) 6, 545 (1940).
63. J. C. MAXWICLL, Scientific Papers, ed. by W. D. Niven. New York:
Dover Publications, 1952.
64. CLYDE ORR, Jr., and J. M. DALLAVALLE, Heat Traf.sfer Properties of
Liquid-Solid Suspensions, in Chemical Engineering Progress ,Symposium Series,
Vol. 50, No. 9, 29-45 (1954).
1

194

TECHNOLOGY OF AQUEOUS SUSPE"'SIONS

[CHAP. 4

65. S. E. CRAIG, JR., Fellowship Progress Report, National Science Foundation Grant: Gl616, July 23, 1957.
66. F. H. NORTON and W. D. KINGERLY, The Measurement of Thermal Conductivity of Refractory Materials; Technical Progress Report, USAEC Report
NY0-601, Massachusetts Institute of Technology, 1952.
67. K. L. JOHNSON et al., Thermal Conductivity of Hot-pressed Thorium Oxide,
USAEC Report M-3475, Battelle Memorial Institute, 1946.
68. H. R. KRUYT, Colloid Science, Vol. 1. Amsterdam: Elsevier Publishing
Co., Inc., 1952.
69. G. E. ALVES et al., Chem. Eng. Prog. 48, 385-393 (1952).
70. C. E. LAPPLE et al., Fluid and Particle Mechanics. Newark, Delaware:
University of Delaware Press, 1954.
71. A. B. METZNER, in Advances in Chemical Engineering, ed. by T. B. Drew
and J. W. Hoopes, Jr. New York: Academic Press, 1956.
72. D. G. THOMAS, Solids Dispersed in Liquids, USAEC Report CF-56-10-35,
1956.
73. A. EINSTEIN, Ann. phys. 19, (1906); 34, 591 (1911); Kolloid-Z. 27, 137
(1920).
74. E. GuTH and R. SIMHA, Kolloid-Z 74, 266 (1936).
75. R. SIMHA, J. Research Natl. Bur. Standards 42, 409 (1949).
76. H. DE BRUYN, Proc. Intern. Congr. Rheol. (Amsterdam) Pt. 2, 95 (1949).
77. N. SAITO, J. Phys. Soc. (Japan) 5, 4 (1950).
78. V. VAND, J. Phys. & Colloid Chem. 52, 277 (1948).
79. J. HAPPEL, J. Appl. Phys. 28, 1288-1292 (1957).
80. F. EIRICH et al., Kolloid-Z. 75, 20 (1936).
81. V. VAND, J. Phys. & Colloid Chem. 52, 300 (1948).
82. A. BouTARIC and M. VurLLAUME, J. Chem. Phys. 21, 247 (1924).
83. S. ODEN, Der Colloide Schwefel, Nova Acta Regiae Soc. Sci. Upsaliensis,
4, 3 (1913).
84. L. J. GosTING and M. S. MoRRIS, J. Am. Chem. Soc. 71, 2005 (1949).
85. F. EIRICH and R. SIMHA, Monatsh. 71, 67 (1937).
86. R. SIMHA, J. Colloid Sci. 5, 386 (1950).
87. L. E. MoRsE, in Homogeneous Reactor Project Quarterly Progress Report
for the Period Ending July 1, 1952, USAEC Report ORNL-1318, Oak Ridge
National Laboratory, 1952. (pp. 82-84)
88. R. E. PowELL and H. EYRING, Nature 154, 427-428 (1944).
89. D. G. THOMAS, USAEC Report CF-58-6-3, Oak Ridge National Laboratory. (In preparation)
90. E. C. BINGHAM, Fluidity and Plasticity. New York: McGraw-Hill Book
Co., Inc., 1922.
91. I. KIRsHENBAUM et al., eds., Utilization of Heavy Water, USA.EC Report
TID-5226, Columbia University, Substitute Alloy Materials Labs., 1951.
92. D. G. THOMAS, in Homogeneous Reactor Project Quarterly Progress Report
for the Period Ending July 31, 1954, USAEC Report ORNL-1813(Del.), Oak
Ridge National Laboratory, 1954. (p. 125)
93. J. N. MUKHERJEE et al., J. Phys. Chem. 47, 55~-577 (1943).
94. C.H. GrnsoN, Oak Ridge National Laboratory. (In preparation)

REFERENCES

195

95. E. BUCKINGHAM, Am. Soc. Testing Materials, Proc. 21, lu54 (1921).
96. B. 0. A. HEDSTROM, Ind. Eng. Chem. 44, 651-656 (1951).
97. Y. 0YAMO and S. I To, J. Sci. Research Inst. (Tokyo) 48, 1369-1375 (1954).
98. R. N. WELTMAN, An Evaluation of Non-Newtonian Flow in Pipe Lines,
National Advisory Committee for Aeronautics Report NAC.f\.-TN-3397, Lewis
Flight Propulsion Lab., Cleveland, 1955.
!
99. D. H. CALDWELL and H. E. BABBITT, Trans. Am. In'st. Chem. Inst. 37,
237 (1941).
100. G. W. HOWARD, Proc. Am. Soc. Civil Engrs. 64, 1377 (1938).
101. A. P. YuFIN, Izvest. Akad. Nauk S.S.S.R., Otdel. Tfkh. Nauk, No. 8,
1146 (1949).
!
102. M. P.-O'BRIEN and R. G. FOLSOM, Univ. of Calif. (B~rkeley) Publ. Eng.
3(7), 343 (1937).
103. A. HAZEN and E. D. HARDY, Trans. Am. Soc. Civil Engrs. 57, 307 (1906).
104. N. S. BLATCH, Trans. Am. Soc. Civil Engrs. 57, 400 (1906).
105. H. C. WARD and J.M. DALLAVALLE, in Chemical Efgineering Progress
Symposium Series, Vol. 50, No. 10. New York: American In~titute of Chemical
Engineers, 1954.
106. D. G. THOMAS and P. H. HAYES, Heat-transfer Characteristics of Aqueous
Th0 2 Slurries, USAEC Report ORNL-2504, Oak Ridge National Laboratory.
(In preparation)
.
107. V. A. VANONI, A Summary of Sediment Transportat~on Mechanics, 3rd
Midwestern Conference on Fluid Mechanics. Minneapolis, IMinn.: University
of Minnesota Press, 1953. (pp. 129-160)
108. D. M. NEWITT et al., Hydraulic Conveying of Solids in Horizontal Pipes,
Trans. Inst. Chem. Engrs. (London) 33, 93-113 (1955).
109. K. E. SPELLS, Correlations for Use in Transport of A4ueous Suspensions
of Fine Solids Through Pipes, Trans. Inst. Chem. Engrs. Crondon) 33, 79-84
.
(1955).
110. R. A. SMITH, Experiments on the Flow of Sand-Water Slurries in Horizontal pipes, Trans. Inst. Chem. Engrs. (London) 33, 85--92 (1955).
111. A. w. MARRIS, Fluid Turbulence and Suspended rediment, Can. J.
Technol. 33, 470-493 (1955).
112. R. J. BURIAN and GLENN MURPHY, Ratio of Solid elocity to Mixture
Velocity in Slurry Flow, USAEC Report ISC-586, Iowa State College, 1955.
113. S. L. Soo, Statistical Properties of Momentum Transfer in Two-Phase
Flow, Chem. Eng. Sci. 5, 57-67 (1956).
114. B. A. BAKHMETEFF, The Mechanics of Turbulent Ffow. New Jersey:
Princeton University Press, 1941.
115. E. M. LAURSEN et al., Proc. Am. Soc. Civil Engineers 78, D56 (1952).
116. R. J. ATKINS et al., Some Rheological and Engineering Aspects of NonNewtonian Slurries, paper presented at the 3rd Annual American Nuclear
Society Meeting, Pittsburgh, Pa., June 1957. (Paper 14.6) I
117. J. D. PERRET, in Homogeneous Reactor Project Quarterly Progress Report
for the Period Ending Oct. 31, 1955, USAEC Report ORNIL-2004(Del.), Oak
Ridge National Laboratory, 1955. (p. 71)
118. J. D. PERRET, Data Book No. 1, Oak Ridge National Laboratory, Oct. 3,
1955. (pp. 91-99)

196

TECHNOLOGY OF AQUEOUS SUSPENSIONS

(CHAP. 4

119. D. G. THOMAS, Atmospheric Pressure System for Determining Resuspension Velocity of Thorium Oxide Slurries in Round Horizontal Pipes, USAEC
Report CF-56-10-136, Oak Ridge National Laboratory, 1956.
120. D. G. THOMAS and R. M. SUMMERS, Hindered Settling of Flocculated
Slurries. I. Container Wall Effects, USAEC Report ORNL-2541, Oak Ridge
National Laboratory. (In preparation)
121. H. H. STEINOUR, Ind. Eng. Chem. 36, 618-624 (1944).
122. J. F. RICHARDSON and W. W. ZAKI, Trans. Inst. Chem. Engrs. (London)
32, 35-53 (1954).
123. J. F. RICHARDSON and W. N. ZAKI, Chem. Eng. Sci. 3, 65B (1954).
124. J.M. BURGERS, Proc. Koninkl. Ned. Akad. Wetenschap. 45, 126 (1942).
125. P. G. W. HAWKSLEY, Some Aspects of Fluid Flow. New York: Arnold
Press, 1950.
126. H. C. BRINKMAN, App. Sci. Research AI, 27-81 (1947).
127. J. M. DALLAVALLE et al., Application of Hindered Settling to Particle
Size Measurement, personal communication, 1956.
128. A. L. LOEFFLER, JR., and B. F. RUTH, Mechanism of Hindered Settling
and Fluidization, USAEC Report ISC-468, Iowa State College, 1953.
129. T. C. PowERS, Research and Develop. Labs. Portland Cement Assoc.,
Research Dept. Bull. 2 (1939).
130. H. H. STEINOUR, Ind. Eng. Chem. 36, 840-847 (1944).
131. ·U. GRIGULL, Heat Transfer to Non-Newtonian Fluids for Laminar Flow
Through Tubes, Chem.-Ingr.-Tech. 28, (8/9), 553-556 (1956).
132. B. C. LYCHE and R. B. BIRD, The Graetz-Nussett Problem for a Power
Law Non-Newtonian Fluid, Chem. Eng. Sci. 6, 35-41 (1956).
133. R. E. GEE and J. B. LYON, Non-Isothermal Flow of Viscous Non-Newtonian Fluids, Ind. Eng. Chem. 49, 956--960 (1957).
134. A. B. METZNER et al., Heat Transfer to Non-Newtonian Fluids, A.I.Ch.E.
Journal 3, 92-100 (1957).
135. R. L. PIGFORD, Non-Isothermal Flow and Heat Transfer Inside Vertical
Tubes, in Chemical Engineering Progress Symposium Series, Vol. 51, No. 17.
New York: American Institute of Chemical Engineers, 1955. (pp. 79-92)
136. R. V. BAILEY, Forced Convection Heat Transfer to Slurries in Tubes,
USAEC Report CF-52-11-189, Oak E,idge National Laboratory, 1952.
137. M. A. LEVEQUE, Ann. mines 13, 2 (1928).
138. C. F. BONILLA et al., Heat Transfer to Slurries in Pipe, Chalk and Water
in Turbulent Flow, in Chemical Engineering Progress Symposium Series, Vol. 49,
No. 5. New York: American Institute of Chemical Engineers, 1953. (pp. 127-135)
139. C. ORR, JR., and J.M. DALLAVALLE, Heat-Transfer Properties of LiquidSolid Suspensions, in Chemical Engineering Progress Symposium Series, Vol. 50,
No. 9. New York: American Institute of Chemical Engineers, 1954. (pp. 29-45)
140. J. C. CHu et al., Heat Transfer Coefficients of Pseudo-Plastic Fluids,
Ind. Eng. Chem. 45, 1686-1696 (1953).
141. J. J. SALAMONE and M. NEWMAN, Heat Transfer Design Data, Water
Suspensions of Solids, Ind. Eng. Chem. 47, 283-288 (1955).
142. C. G. LAWSON, Heat Transfer to Bingham Plastics, Th0 2 Slurries Flowing
Turbulently in Tubes: An Exploratory Study, USAEC Report CF-56-9-132,
Oak Ridge National Laboratory, 1956.

REFERENCES

197

143. W. M. McADAMS, Heat Transmission, 3rd ed. New York: McGraw-Hill
Book Co., Inc., 1953.
144. R. N. LYON, in Homogeneous Reactor Project Quarterly Progress Report
for the Period Ending Oct. 31, 1955, USAEC Report ORNk2004(Del.), Oak
Ridge National Laboratory, 1955. (p. 76)
145. L. F. PARSLY, Jr. et al., Report of Slurry Blanket Test Jlun SM-2, USAEC
Report CF-57-4-87, Oak Ridge National Laboratory, 1957. ·
146. C. G. LAwsoN, in Homogeneous Reactor Project QuarteJ'lY Progress Report
for the Period Ending A.pr. 30, 1955, USAEC Report ORNlj,-1895, Oak Ridge
National Laboratory, 1955. (pp. 149-150)
:
147. R. N. LYON, in HRP Civilian Power Reactor Conference Held at Oak
Ridge liforch 21-22, 1956, USAEC Report TID-7524, Researclj and Development
:
Division, AEC, 1956. (p. 90)
148. R. B. KORSMEYER et al., in Homogeneous Reactor' Project Quarterly
Progress Report for the Period Ending July 31, 1957, USAEC R~port ORNL-2379,
Oak Ridge National Laboratory, 1957. (pp. 59-63)
149. R. B. KORSMEYER et al., in Homogeneous Reactor Project Quarterly
Progress Report for the Period Ending Oct. 31, 1957, USAEC Report ORNL-2432,
Oak Ridge National Laboratory, 1957. (pp. 62-69)
150. R. B. KORSMEYER et al., in Homogeneous Reactor Project Quarterly
Progress Report for the Period Ending Jan. 31, 1958, USAEC Report ORNL-2493,
Oak Ridge National Laboratory, 1958.
151. N. A. KROHN, Radiation Studies of Thorium Oxide Slurries, in H RP
Civilian Power Reactor Conference Held at Oak Ridge National Laboratory, May
1-2, 1957, USAEC Report TID-7540, Oak Ridge National Laboratory, 1957.
(pp. 128-142)
152. L. E. MoRsE, Catalytic Recombination of Radiolytic Gases in Aqueous
Thorium Oxide Slurries, in H RP Civilian Power Reactor Conference Held at
Oak Ridge National Laboratory, May 1-2, 1957, USAEC Report TID-7540,
Oak Ridge National Laboratory, 1957. (pp. 143-154)
153. H. F. McDUFFIE et al., The Radiation Chemistry of Aqueous Reactor
Solutions. Part 3. Homogeneous Catalysis of the Hydrogen-Oxygen Reaction,
in Nuclear Science and Technology (Extracts from Reactor Science and Technology, Vol. 4), 1954, USAEC Report TID-2505(Del.). (pp. 13-32)
154. W. D. FLETCHER and D. E. BYRNES, Westinghouse Electric Corporation
and Pennsylvania Power and Light Company, 1957. Unpublished.
155. A. T. GRESKY and E. D. ARNOLD, Products Produced in the Continuous
Irradiation of Thorium, USAEC Report ORNL-1817, Oak Ridge National
Laboratory, 1956.
156. W. D. FLETCHER et al., Internal Gas Recombinatiqn, in Pennsylvania
Advanced Reactor Project Quarterly Progress Report, A_ ugust 31, 1957, Report
WCAP-668, Westinghouse Electric Corporation and Pennsllvania Power and
Light Company, 1957.
157. E. L. COMPERE and L. F. Woo, In-Pile Experiment- 6Z-1225, in Homogeneous Reactor Project Quarterly Progress Report for the Peri d Ending A.pr. 30,
1958, Oak Ridge National Laboratory, 1958. (In preparatio )

CHAPTER 5
INTEGRITY OF METALS IN HOMOGENEOUS REACTOR MEDIA*
5-1.

INTRODUCTION

The materials pr6blems of aqueous fluid-fuel reactors are among the
most challenging in modern technology. The temperatures of interest
alone involve considerable departures from those areas for which scientific
data and techniques for obtaining such data are available. However, these
difficulties are minor compared with those encountered in the actual environment ultimately to be dealt with in an operating nuclear reactor.
The radiation which results from the nuclear reactions may profoundly
alter the chemistry of the fluids through the formation and decomposition
of various chemical species; similarly, the corrosion and physical behavior
of materials may be changed by radiation damage and transmutation.
Consequently, materials for reactor construction cannot be adequately
specified until their behavior in the ultimate reactor environment has
been evaluated through in-pile radiation experiments. Such experiments
can, however, be safely and meaningfully carried out only after extensive,
careful out-of-pile investigation of the systems of interest. Thus a comprehensive experimental program is required involving facilities ranging
from conventional laboratory apparatus to complex in-pile experiments
with associated remote-handling and evaluation equipment.
The comprehensive character of the program is further justified by the
high cost associated with reactor component failure. This high cost stems
from the problems involved in repairing or replacing highly contaminated
equipment. These problems are, of course, magnified by a failure which
results in a release of radioactivity from the reactor, even though this
release is only to a leaktight reactor containment chamber. Thus considerable effort to assure unusual reliability of the reactor system is appropriate.
The corrosion behavior of materials in the fluids of interest has also appreciably increased the scope of the program. Corrosion rates showing
complex time dependence for as long as the first several hundred hours
result from changes in fluid characteristics with time and/ or the necessity
of forming a protective oxide film. During this period the rate decreases
with time in a quasi-exponential fashion. The corrosion rate then usually
*By E.G. Bohlmann, with contributions from G. M. Adamson, E. L. Compere,
J. C. Griess, G. H. Jenks, H. C. Savage, J. C. \Yilson, Oak Ridge National Laboratory.
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becomes linear and when the materials and environment are compatible
is normally a few orders of magnitude lower than rates for the initial period.
Flow conditions are also very important variables and so must be considered
in all phases of the program; pump loops have fulfilled this requirement
admirably. This time dependence of the corrosion ra! complicates the
interpretation of the data because it is a function of fluid ow, temperature,
and fluid composition. Where tests are run long enou to get good incremental measurements, the resultant linear rates pro ide a good basis
for evaluating the effects of different variables on cor~osion. However,
meaningful corrosion rates cannot be obtained in short-telrm runs, in which
case a better comparison can be made on the basis of the unit weight loss
over the period. This variable is normally selected for comparing results in
runs less than 200 hr.
5-2.

EXPERIMENTAL EQUIPMENT FOR DETERMINING C<i>RROSION RATES*

5-2.1 Out-of-pile equipment. Static autoclaves. A ~ariety of experimental equipment is required to determine the integ ity of metals in
aqueous homogeneous reactor media. The simplest ap aratus consists of
a glass flask in which various materials may be expos~d to reactor fuel
solutions at temperatures up to the atmospheric boiling :r:ioint. At elevated
temperatures and pressures, a static autoclave designed to withstand the
temperature and pressure requirements is used with conventional or
specially designed furnaces. A large number of tests may be rapidly and
economically made in autoclaves prior to more extensive testing in dynamic corrosion test loops. The static autoclaves are used primarily for
solution corrosion tests. Slurry corrosion tests are u~ually better conducted in equipment which provides agitation or for ed circulation in
order to prevent the slurry from settling into a dense be .
Toroids. The toroid apparatus or rotator [1,2] pro ides a method of
circulating fluids, as required to obtain data on the effe¢t of fluid flow on
corrosion rates, without the use of a pump. The toroid itself consists of a
length of pipe bent into a circle with its ends joined. Pin-type corrosion
specimens as well as a thermocouple well are inserted into the toroid
through openings around the circumference. Each pin specimen is held
firmly in a fitting, which also seals the opening in the pipe wall. When the
environment is compatible, a Teflon (plastic) bushing is used to assist in
holding the specimen~as well as to insulate it from the h~lder. Continuous
pressure measurements may also be taken during operc tion by means of
small-diameter tubing connecting the toroid to a pres ure gauge or recorder.
I
*By H. C. Savage.
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Thermocouple

and Electrical

Openings
for Pin

FIG. 5-1. Photograph of toroid rotator.

The fluid medium in the partially filled toroid is circulated by imparting a motion to the toroid similar to that by which liquid may be
caused to swirl in a flask.
To attain the necessary circular motion, the toroid is attached to a
horizontal mounting plate which, in turn, is attached at its center (by
means of a bearing) to the vertical shaft of a rotator arm. The rotator arm
is, in turn, mounted on the shaft of a variable-speed motor, as shown in
Fig. 5-1. The toroid is prevented from rotating about its own axis 'by
means of a connecting rod installed between the toroid plate and an external
rigid frame. Dynamic balancing of the unit is required for operation at
high speeds (500 to 1000 rpm), and a counterweight is provided for this
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purpose. Flow velocities up to 30 fps are obtained in th~ unit now in use.
A heating system, which consists of electric heating wire or elements
wrapped around the toroid, provides for operation at elevated temperature
and pressure. The entire apparatus is relatively inexpensive and fills the
need for a laboratory-scale dynamic corrosion test.
In view of the fractional filling of the toroid, which results in "slug
flow," corrosion attack rates based on the elapsed time of operation may
be corrected to account for the time of immersion in th1 circulating fluid.
This is usually required when corrosion rates obtained in a toroid are being
compared with those obtained in the dynamic corrosion t~st loops described
below.
The toroid rotator can be used in the study of solutions and slurries.
It has been particularly useful for slurries because of the small amount of
material required. The exploration of many slurry variables has been
possible with amounts of material (50 to 100 g) easily prepared in the
laboratory.
I

Filler Cap

Canned Motor Pump

Fm. 5-2. Dynamic solution corrosion test loop.

Dynamic corrosion test loops. Dynamic solution corrosion test loops designed to operate under the various conditions proposed for homogeneous
reactor operation are the principal experimental eqfipment used for
out-of-pile tests. One such loop is shown diagrammatic4lly in Fig. 5-2, in
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Fm. 5--3. Pin and coupon specimen holders.
which the flow is divided between a number of parallel channels in which
corrosion test specimens can be exposed. Several sets of specimens may be
exposed to several flow conditions or a larger variety of specimens to a
given set of flow and solution conditions. Loops of various. designs have
been constructed for other specific purposes [3,4].
The test loop consists of a circulating pump, pipe loop, and a pressurizer. The circulating pump is a Westinghouse model lOOA canned-motor
centrifugal type [5]. This pump delivers 100 gpm at a 250-ft-head and
is constructed for operation at pressures up to 2500 psi. The loop and
pressurizer are heated by means of electric elements cast in aluminum
around the outside of the piping.
The loops are usually constructed of 1!-in. schedule-80 pipe. Flanged
joints are used liberally in the loop construction to provide easy access for
inspection and for connection of special experimental equipment. For
simplicity, economy, and elimination of crevices, a simple butt joint using
lap-joint flanges, bearing rings, and a metal gasket [6] is generally used.
The test specimens are exposed in split-channel holders inserted in flangedpipe sections as shown.
The pressurizer, which consists of a vertically mounted section of 4- to
6-in.-diameter pipe, serves several functions. It provides system overpressure, contains space for solution expansion in the loop during heatup,
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Pressurizer Condenser System-...
2 Strip
Heaters
on Each

Flange
Condensate Reservoir

Cooler

Distilled Water Addition
Rotameter

To Drain

Fm. 5-4. Dynamic slurry corrosion test loop.

contains space for gas that may be required for solution stability and/or
corrosion studies, and serves as a -reservoir for excess solution for samples
removed during operation.
Two types of holders used for exposure of test specimens in the loop are
shown in Fig. 5-3. The pin specimen holder shown is used to test a variety
of materials at a uniform bulk fluid flow velocity. Pin-type specimens
inserted in the holes are exposed to the solution flowing through the channel when the holder is assembled. Teflon sleeves on the ends of the pins serve
as compressible gaskets to keep the specimens from rattling in the holder
during the test and to insulate the specimens from the holder. Figure 5-3
also shows the specimens and holder used in determining the effect of
velocity on corrosion. In this holder, flat coupon specimens form a continuous septum down the center of the tapered channel, so the bulk fluid
flow velocity increases as the solution traverses the holder. Velocity-effect
data thus obtained may be used in the design of reactor piping systems if
the data are confirmed by loop experience.
In the dynamic slurry corrosion test loop [7], shown in Fig. 5-4, the
pump discharge flow is directed through the bottom portion of the pressurizer to minimize settling and accumulation of slurry particles which
would occur in this region if the pressurizer were connected as in the solution test loop. As shown in this figure, a condenser is installed in the
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FIG. 5--5. In-pile rocking autocl.aves.

pressurizer vapor space to supply clean condensate required to continuously
purge the pump bearings and prevent slurry accumulation, which would
result in excessive bearing wear. The flow of steam or steam-gas mixture
through the condenser is by thermal convection. The condensate thus
produced flows to the rear of the pump as a result of the static pressure difference between these two points in the system.
A slurry addition device is also incorporated in the loop so that slurry
may be charged at elevated temperature and pressure. This device consists of a reservoir tank connected at its bottom to the main loop piping.
The slurry may be added batchwise to the tank and, after the top flange is
closed, may be forced into the loop by differential pressure, with the slurry
being replaced by an equal volume of water from the condensate system.
A high-pressure rotometer and regulating valve are provided in the addition system for metering and adjusting this flow of condensate so that flow
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to the pump bearings is maintained. To ensure purge-water feed to the
pump bearings and to provide positive feed of condensate for the slurry
addition system in the event of a loss of static pressure differential, a
pulsafeeder pump is incorporated in the condensate circuit and may be
used as required.
As an aid in monitoring the density and thus the concentration of the
circulating slurry, venturi type flowmeters with high-pressure-differential
pressure cells are used in the slurry loop.
5-2.2 In-pile equipment. Rocking autoclaves. To obtain information on
the behavior of fuels and materials under reactor conditions, experiments
have been carried out in the Graphite Reactor and Low Intensity Test
Reactor at ORNL and in the Materials Testing Reactor at NRTS [8-12]
using small autoclaves or bombs. The autoclaves used for such tests are
shown in Fig. 5-5 [9]. The autoclave, in a specially designed container
can and shield plug assembly, is rocked by the mechanism at the face of
the reactor shield. The rocking is designed to keep the solution mixed, to
maintain equilibrium between liquid and vapor phases, and to keep all
surfaces wet. The latter provision prevents the formation of local hot
spots by the high gamma fluxes or localized recombination reaction with
resultant explosive reaction of the hydrogen and oxygen formed by radiolytic decomposition of water. The assembly is so designed that the autoclave can be retracted into a cadmium cylinder, thereby substantially
reducing the flux exposure. This minimizes the necessity for reactor shutdowns in case of minor experimental difficulties and is useful for obtaining
data. The necessary electrical and cooling lines are carried to the face of
the reactor shield through the container can and a shield plug. In addition, a capillary tube, filled with water, connects the autoclave to a pressure transducer gauge. By this means a continuous record of the pressure
in the autoclave is obtained. In cases where a quantitative relationship
exists between the corrosion reaction and consumption or production o( a
gas, the pressure measurements, suitably corrected, provide a measure of
the generalized corrosion rate.
Pump loops. An in-pile loop [13] is similar to all forced-circulation
loops; it consists of a pump, pressurizer, circulating lines, heaters and
coolers, and associated control and process equipment. The circulating
pump, designed at ORNL [14-16], is a canned-rotor type which delivers
5 gpm at a 40-ft head at pressures up to 2000 psig.
The loop assembly and 7-ft-long container are shown in Fig. 5-6. Some
of the physical data for a typical loop are summarized in Table 5-1 [17].
The loop components are usually constructed of type-347 stainless steel,
although one loop has been constructed in which the core section was made
of titanium and another was made entirely of titanium. The loop con-
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5-1

PHYSICAL DATA FOR TYPICAL IN-PILE LooP

I. Loop volume
1.
2.
3.
4.
5.

Pump rotor chamber
Pump scroll
Core
Loop pipe (3/8 in. Sch. 40)
Pressurizer (1-1/2 in. Sch. 80)
Total

160 cc
107 cc
300 cc
440 cc
750 cc
1757 cc

II. Pipe size
1.
2.
3.
4.
5.
6.
7.
8.

Main loop
Core
Pressurizer
Pressurizer bypass line
Pump drain line
Loop drain line
Gas addition line (pressurizer)
Pressure transmitting line
(pressurizer)

3/8 in. Sch. 40
2 in. Sch. 80
1-1/2 in. Sch. 80
1/4 in. X 0.049 in. wall tubing
0.090 in. OD-0.050 in. ID tubing
0.090 in. OD-0.050 in. ID tubing
0.060 in. OD-0.020 in. ID tubing
0.080 in. OD-0.040 in. ID tubing

III. Flow rates
1.
2.
3.
4.

Main loop
Pressurizer bypass line
Pressurizer
Tapered channel coupon holder

5 gpm (8.5 fps)
6 cc/sec (1.2 fps)
6 cc/sec (0.034 fps)
5 gpm (variable: 10-45 fps)

IV. Capacities* of loop heaters and coolers
1.
2.
3.
4.

Main loop heater
Main loop cooler
Pressurizer preheater
Pressurizer jacket heater

3000
6000
1500
400

watts
watts
watts
watts

*Values shown are maximum.

tainer, 7 ft long, is 6 in. in diameter at the core end and 8 in. at the pump
end and is designed to withstand a pressure surge of 500 psi in case of a
sudden failure of a loop component. All electrical and process lines are
carried through the pump end of the container through sealed connectors
and then through the shield plug to the "valve boxes" at the face of the
reactor. These valve boxes are sealed, shielded containers in which are
located process lines and vessels, valves, samplers, and sensing devices for

5-2]

EQUIPMENT FOR DETERMINING CORROSION RATES
Welding fixture Plate

207

Pressurizer

Litr In-Pile Loop

FIG. 5-6. In-pile loop assembly drawing.

the instrumentation [13]. The equipment in the boxes is used with successive loops, whereas each loop is built for a single experiment and completely dismantled by hot-cell techniques thereafter [18]. Samples of the
circulating solution for analysis are withdrawn through a capillary line
during operation, and reagent additions can also be made if desired. A
capillary connection to the pressurizer is used to follow pressure changes in
the loop and to make gas additions when necessary. As in the case of the
in-pile autoclaves, previously described, the pressure data can be used to
follow a generalized average corrosion rate for all the materials in the loop
as the operation proceeds.
Specimens can be exposed in the pressurizer, in holders in the line just
beyond the pump outlet, and in the core. The specimens in the core inside the tapered-channel holder and in the annulus around it are exposed
to the solution in which fissioning is taking place and to direct pile radiation. Duplicate specimens in the in-line holders are exposed to the same
solution in the absence of the fissioning and direct pile radiation. As in
the out-of-pile loops discussed previously, the tapered-channel coupon
holders are used to study velocity effects. The core specimen holder is
shown in place in Fig. 5-7. Figure 5-8 is a photograph of a core corrosion
rpecimen assembly in which can be seen coupled coupons on a rod assembly,
as well as coupons in the tapered-channel holder and stress specimens in
the core annulus. Although not shown, impact and tensile specimens are
also sometimes exposed in the core annulus.
The loops must be adequately instrumented [19] to provide accurate
measurements of loop temperatures, pressurizer temperatures, and pressures
within the loop. The quantity of oxygen and hydrogen in the pressurizer
is obtained from the pressurizer temperature and pressure measurements. Electrical power demands of the loop heater furnish a measure
of over-all fission power and gamma heating within the loop. Since the
loop, in effect, becomes a small homogeneous reactor operating subcritically, when enriched fuel solution is being circulated many automatic
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Fm. 5-7. Core holder for coupon specimens.

Fm. 5-8. Core specimen array.

safety interlocks are used to prevent the possible release of radioactive
material.
Remote-handling equipment. After exposure in the reactor, dismantling
of the loops [18] and autoclaves [20], and subsequent examination of the
test specimens and component parts must be done in hot cells with remotehandling equipment. Prior to removal from the reactor, the fuel solution
is drained from the loop or autoclave and all radioactive gas is vented.
The loop or autoclave is then withdrawn into a shielded carrier and separated from its shield plug to facilitate handling. It is then removed to the
hot cell facilities for dismantling and examination.
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Frn. 5-9. Exterior view of in-pile loop dismantling facility.

The operating face of the hot cell for dismantling an in-pile loop is
shown in Fig. 5-9. An abundance of 1- and 2-in-diameter sleeves are included for insertion of remote-handling tools; two large zinc-bromide
windows, eight 6-in. zinc-bromide portholes, and six periscope holes are
provided for viewing. The usual hot-cell services, such as hot drain,
metal-recovery drain, hot exhaust, vacuum, air, water, and electricity,
are provided.
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FIG. 5-10. Interior view of in-pile loop dismantling facility.

The loop in its container can is lowered from its carrier, through a roofplug opening, into the cell, where it is clamped in a chuck which rotates
the assembly while a disk grinder cuts off the rear section of the container.
A jib boom is used to withdraw the loop from the container, and various
sections of the loop are then cut out by means of a disk grinder. Figure 5-10
is a photograph of the dismantling equipment in the hot cell.
The severed loop sections are then removed to a remote-examination
facility [21] where the more exacting tasks of removing, examining, and
photographing loop components, as well as weighing individual test specimens, required to determine corrosion damage, are carried out. Hot-cell
techniques are again used, with the aid of specially designed remotehandling equipment.
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SURVEY OF MATERIALS*

5-3.1 Introduction. To determine the corrosion resistance of many different materials to uranium-containing solutions, a large number of
screening tests have been performed. These tests were carried out either
in pyrex flasks at the boiling point of the solution or in stainless steel
autoclaves or loops at 250°C. Oxygen or air was bubbled through the atmospheric boiling solutions, whereas at 250°C the test solutions were
pressurized with 100 to 200 psi oxygen. The corl"osion rates of the materials were determined from weight losses of test specimens after the corrosion products had been removed from their surfaces by an electrolytic
descaling process [22]. The results of the tests are presented in the following sections. All tests were carried out in the absence of radiation.
The stainless steel designations are those of the American Iron and Steel
Institute. The composition of most of the other materials is listed in
Engineering Alloys [23] and those not so listed are included in Table 5-2.
All the materials were tested in the annealed condition except in the cases
where parentheses follow the alloy designation, in Table 5-3. The number thus enclosed is the hardness of the material on either the Rockwell
C (RC) or Rockwell B (RB) scale.
5-3.2 Corrosion tests in uranyl carbonate solutions. Since uranium trioxide is more soluble in lithium carbonate solutions at high temperatures
than in solutions of other carbonates, the corrosion resistance of the
materials was determined only in the lithium carbonate system. All corrosion tests were carried out in stainless steel loops at 250°C. The test solution was prepared by dissolving 0.03 moles of uranium trioxide per liter
of 0.17 m Li 2 COa and passing carbon dioxide through the solution until
the uranium was in solution. The solution was then circulated for 200 hr
in a loop pressurized with 700 psi carbon dioxide and 200 psi oxygen. The
flow rate of the solution was 20 fps. Table 5-3 shows the materials that
were tested and the ranges of corrosion rates that were observed.
Thus the corrosion resistance of all the metals and alloys tested was good
with the exception of aluminum, copper, and most of the nickel- or cobaltbase alloys. The acceptable alloys developed films that would have prevented further corrosion had the tests been continued longer. Data presented elsewhere [24] show that even the carbon steels and iron would be
satisfactory materials in carbonate systems. The fact that the carbonate
solution is approximately neutral is undoubtedly the reason for the nonaggressive nature of the solution.

*By J. C. Griess.

TABLE
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THE COMPOSITION OF SEVERAL MATERIALS TESTED FOR CORROSION RESISTANCE

Composition, w/o

Alloy designation
202
309 SCb
318
SRF 1132
Carpenter 20 Cb
Croloy 1515 N
322W
329
CD4MCu
Croloy 16-1
Allegheny 350
Rexalloy 33
Armco GT-45
Titanium 45 A
Titanium AC
Titanium AM
Titanium AT
Titanium AV
Titalloy X
Titalloy Y
Titalloy Z
Zircaloy 1
Zircaloy 2
Zirconium-tin

Cr

Ni

c

17-19
22-26
17-19
12
20

4-6
12-15
13-15
13
29

0.15 max
0.08 max
0.08 max

14.7-18.0

Fe

7.5-10
2.0 max2.5 max

0.07 max

bal.
bal.
bal.
bal.
bal.

13.5-16.5

0.15 max

bal.

2.0 max

17
25-30
25-27

7
3-5
4.75-6.00

0.07
0.10 max
0.04 max

bal.
bal.
bal.

0.5

14.5-16.5
17
33

0. 80--1. 25
4.2

0.03 max
0.08
2.25
0.17

bal.
bal.
2max
bal.

0.75

1.0
0.60

4
0.02
0.02
0.01

Other

Mn

Nb8xCmin
Nb 10 X C min
Cu 5.5, Mo 7
Nb/Ta 8 X C min
Cu 3, Mo 2
Mo 1.25-1.85, W 1.00-1.85,
Nb/Ta 0.08--0.13
Ti 0.7, Al 0.2
Mo 1-1.5
Mo 1.75-2.75
Cu 2.75-3.25
Mo 2.75
W 17, Co44
Ti 99+
Al 3, Cr 5, bal. Ti
Al 4, Mn 4, hal. Ti
Al 5, Sn 2.5, bal. Ti
Al 6, V 4, bal. Ti
Al 1.6, V 1.9, bal. Ti
Al 1.2, bal. Ti
Al 2.4, bal. Ti
Sn 2.5, bal.'Zr
Sn 1.5, Fe 0.07-0.2, Cr 0.02-0.15,
Ni 0.03---0.08
Sn 5, bal. Zr
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TABLE 5-3
CORROSION RATES OF SEVERAL ALLOYS IN A SOLUTION
OF 0.17 m L17COa CONTAINING 0. 03 m U03 AT 250° C
Pressurizing gases: 700 psi C0 2 and 200 psi 02.
Time: 200 hr. Flow rate: 20 fps.

Metal or alloy

Range of avg. corrosion rates,
mpy

A ustenitic stainkss steels
202, 302B, 304, 304L, 309SCb, 3108, 316,
318, 321, 347
Carpenter 20, Carpenter 20 Cb, Incoloy,
Worthite

0.8-2.6
2.4-4.0

Ferritic and martensitic stainless steels
322 W, 410, 410 (cast), 414, 416, 420, 430,
431, 440C, 446, 17-7 PH
416 (36 RC), 440C (56 RC)

0.8-2.4
3.6-5.3

Titanium alloys
55A, 75A, lOOA, 150A, AC, AM, AT, AV

0.3-0.6

Other metals and alloys
Zirconium and Zircaloy-2
Hastelloy C, Nionel, gold, niobium, platinum
Armco Iron, AISI-C-1010, AISI-C-1016
Inconel, Inconel X, nickel, Stellite 1, 2, 3,
98M2, Haynes Alloy 25, copper
Aluminum

<0.1
0-0.9
6.4-7.8
16-90
>1000

5-3.3 Corrosion tests in uranyl fluoride solutions. In contrast to uranyl
carbonate solutions, uranyl fluoride solutions are acid, and in general the
corrosivity of the fluoride solutions is much greater than that of the carbonate solutions. To determine the relative corrosion resistances of many
different metals and alloys, a 0.17 m U02F2 solution was used. Tests were
performed at 100 and 250°C in static systems and at 250°C in loops. The
static tests were continued for periods up to 1000 and 2000 hr. The dy. namic tests lasted for 200 hr, and the flow rate of the solution past the
specimens was 10 to 15 fps. The results of the dynamic tests are shown in
Table 5-4.
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5-4

THE CORROSION RATES OF SEVERAL ALLOYS IN

0.17 m U0 2F2

AT

250° C

Pressurizing gas: 200 psi 02.
Time: 200 hr. Flow rate: 10 to 15 fps.

Metal or alloy

Range of avg. corrosion rates,
mpy

A ustenitic stainless steels
304, 304L, 309SCb, 310, 316, 316L, 318,
321, 347

4-13

Ferritic and martensitic stainless steels
322\V,430, 443, 17-4 Pll
416

3.5-5.0
>2000

Titanium and zirconium aUoys
55A, 70A, lOOA, 150A
AC, AM, AT
Zirconium, Zircaloy-2

0.01--0.25
5.6-7.7
>2000

Other metals
Gold, platinum
Niobium

<0.5
>1000

All the stainless steels except type 416 showed low corrosion rates under
the conditions of test. Other experiments showed that most of the corrosion occurred in about the first 100 hr of exposure, during which time a
protective coating formed on the steel. After the coating formed, corrosion
rates in the range of 0.1 mpy or less were observed (provided the flow rate
was not too high). The static corrosion tests of longer duration verified
the dynamic results. Thus, had the dynamic tests reported in Table 5-4
lasted for 1000 hr, the average corrosion rates would have been approximately one-fifth of tho.se shown.
At high temperatures, all the stainless steels corrode at high constant
rates if the flow rate of the solution exceeds a certain value which depends
on the concentration of the solution and the temperature (to be discussed
in the next section). In 0.17 m U02F2 at 250°C this critical value is 20
to 25 fps.
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As expected, zirconium and zirconium alloys showed no resistance to
attack by uranyl fluoride solutions at high temperatures. In fact, other
tests have shown that as little as 50 ppm fluoride ions in uranyl sulfate
solutions leads to appreciable attack of zirconium [25]. On the other hand,
titanium demonstrated high resistance to uranyl fluoride solutions. Tests
with more highly concentrated uranyl fluoride solutions have shown the
corrosion rate of titanium to be low. The titanium alloys showed higher
rates, ranging from 5 to 8 mpy. However, in crevices where oyxgen depletion occurs, titanium and its alloys are severely attacked [26].
No nickel- or cobalt-base alloys were tested under dynamic conditions.
Those tested at 250°C in autoclaves include D Nickel, Chromel P, Stellite
98M2, and nickel; all showed rates in excess of 18 mpy during 1000- to
2000-hr tests. At 100°C nickel corroded at a rate greater than 100 mpy and
Monel corroded at 7 mpy; the other above-listed materials, Elgiloy,
Hastelloys C and D, Illium R, and Inconel, corroded at rates less than
1.5 mpy.
Gold, platinum, and tantalum were practically unattacked by the
uranyl fluoride at 250°C; the resistance of tantalum was unexpected.
Niobium was heavily attacked.
It is seen from the foregoing that several metals, including most of the
stainless steels, have adequate corrosion resistance to uranyl fluoride solutions if the flow rate of the solution is not too great. Uranyl fluoride cannot
be used in a two-region reactor, however, because zirconium and uranyl
fluoride solutions are incompatible. Another possible difficulty of uranyl
fluoride solutions in any system is the fact that the vapor above the acid
uranyl fluoride system may contain some .hydrofluoric acid which, if present, would present a serious corrosion problem.
5-3.4 Corrosion tests in uranyl sulfate solutions. Many corrosion tests
discussed in detail in HRP progress reports [27] have been carried out in
uranyl sulfate solutions under different conditions of temperature, uranium
concentration, flow rate, etc. Table 5-5 shows representative corrosion
rates of a number of materials obtained in 0.17 m U02S04 at 250°C in
stainless-steel loops during a 200-hr. exposure. The flow rate of the solution past the specimens was 10 to 15 fps. Static tests, the results of which
are not included in the table, have also been carried out at 100 and 250°C
and generally lasted for 1000 to 2000 hr. The results obtained in static
systems generally confirmed the dynamic results, although the corrosion
rates observed in static systems were less than those measured in dynamic
systems.
The data presented in Table 5-5 show only the relative corrosion resistance of different classes of alloys and need further clarification. From
the results reported in the table, and from many other static and dynamic
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5-5

THE CORROSION RATES OF SEVERAL ALLOYS IN

0.17 m U02S04

AT

250° C

Pressurizing gas: 200 psi 02.
Time: 200 hr. Flow rate: 10 to 15 fps.

Metal or alloy

A ustenitic stainless steels
202, 302, 302B, 303, 304, 304L, 309SCb,
3108, 316, 316L, 318, 321, 347, Carpenter
Alloys 10, 20, 20Cb, Croloy 1515N,
Durimet, Incoloy, Multimet, Timken
16--25-6, Worthite
SRF 1132
Ferritic and martensitic stainless steels
Armco 17-4 PH (37 RC), Armco 17-7 PH
(43 RC)
322W, 322W (27-38 RC), 329, 430, 431,
431 (43 RC), 446, Armco 17-4 PH,
CD4MCu, Allegheny 350, Allegheny 350
(38-43 RC), Croloy 16--1, Frogalloy
410, 410 (43 RC), 414, 416, 416 (37 RC),
420, Armco 17-7 PH
420 (52 RC), 440 C
Titanium and zirconium alloys
45A, 55A, 75A, lOOA, 150A, AM, Titalloy
X, Y, and Z
AC, AT, AV
Zircaloy-1 and -2, zirconium, zirconium-tin
Nickel and cobalt alloys
Hastelloy R-235, Inconel X, Stellite 1
Hastelloy C and X, Haynes Alloy 25,
Inconel, Stellite 3, 6, and 98M2
Other materials
Gold, platinum
Niobium
Sapphire
Quartz
Pyrex glass

Range of avg. corrosion rates,
mpy

14-65
190

3.1-4.9

6--35
46--81
100-430

0.01
0. 03-0.12
<0.01
77-88
120-340

<0.1
6.7
17
58
730

5
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tests of longer duration, the following conclusions can be drawn. All the
austenitic stainless steels except SRF 1132, 316, and 316L behaved essentially alike; all corroded rapidly and uniformly for about the first 100 hr,
during which time a protective coating formed (provided the flow rate was
less than 20 fps). Once the film formed, corrosion rates less than 0.1 mpy
were observed. The extent of attack during film formation varied somewhat from run to run, and there was no consistent difference from one
austenitic stainless steel to the other. Thus, even though the rates reported in Table 5-5 are high, the continuing rates are very low; as a class,
the austenitic stainless steels are satisfactory materials for containing
uranyl-sulfate solutions at reasonable flow rates. Types 316 and 316L
showed a tendency toward intergranular attack, and SRF 1132 did not
develop a highly protective coating.
Of the ferritic and martensitic stainless steels, types 410, 416, 420, and
4400 in all heat-treated conditions were completely unsatisfactory. The
corrosion rates of these alloys were nearly constant with time, and the
attack was very irregular. Although the· precipitation-hardenable steels,
322W, 17-4 PH, and 17-7 PH, showed very low corrosion rates after the
formation of the protective film, all displayed a tendency toward stresscorrosion cracking in their fully hardened conditions. Oroloy _16--1 demonstrated reasonable corrosion resistance in short-term tests, but long static
tests showed the material to be susceptible to intergranular attack in
uranyl sulfate solutions. The other ferritic and martensitic stainless steels
corroded in the same fashion as did the austenitic stainless steels; that is,
after a protective film formed the corrosion rates were in the range of
0.1 mpy. From a corrosion standpoint these materials have adequate corrosion resistance for use in high-temperature uranyl sulfate solutions.
Titanium, zirconium, and all of their alloys were extremely resistant to
attack by uranyl sulfate solutions at all concentrations, temperatures, and
flow rates. In fact, corrosion damage was so small that it was difficult to
detect weight changes of the specimens with a standard analytical balance.
These alloys will be discussed further in Sections 5-5 and 5-6.
Most of the nickel- and cobalt-base alloys listed in Table 5-5 were
rapidly attacked by high-temperature uranyl sulfate solu~ions. The two
exceptions were Hastelloy R-235 and Elgiloy. Hastelloy R-235 resembled
an austenitic stainless steel in that it developed a film and corroded practically no further. Although Elgiloy corroded only slightly, it was extremely susceptible to stress-corrosion cracking in high-temperature
uranyl-sulfate solutions. Thus, of the alloys listed, only Hastelloy R-235
could be considered for use in high-temperature uranyl sulfate solutions.
On the other hand, most of the alloys were resistant to uranyl sulfate solutions at 100°0; corrosion rates less than a few tenths of a mpy were observed. It is particularly significant that many of the very hard alloys,
1
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such as the Stellites, are resistant at the lower temperature; in many applications, such as pump bearings, temperatures no greater than 100°C
are required.
In dynamic tests platinum and gold were resistant to attack under all
conditions, but niobium corroded at an appreciable rate, about 7 mpy at
15 fps. The corrosion rate of niobium depended on the flow rate of the solution, and at higher flo~ rates somewhat higher corrosion rates were
observed. Static tests showed that tantalum and chromium are corroded
only slightly under most conditions. If the solution contained dissolved
hydrogen, tantalum was seriously embrittled; highly oxygenated uranylsulfate solutions at temperatures above 250°C oxidized chromium to the
soluble hexavalent state, and under these conditions the rate of attack
was several mils per year.
A number of nonmetallic substances were statically tested in
0.17 m U02S04 at 100°C. Those tested included various grades of sintered
alumina and graphite, sapphire, silicon carbide, sintered titania and zirconia, and quartz. All corroded at rates of less than 3 mpy, except for one
very impure grade of sintered alumina which corroded at 124 mpy. In
fact, the corrosion resistance of the sintered alumina was higher, the higher
the purity. In static tests at 250°C in 0.17 m U02S0 4, the corrosion rate
of pure sintered alumina was 3 mpy; sapphire corroded at the rate of
3.6 mpy. In dynamic tests under the same conditions, sapphire corroded at
17 mpy, quartz at 58 mpy, and Pyrex glass at 730 mpy. The high corrosion rates of quartz and Pyrex glass show why glass-lined equipment cannot be used for high-temperature experimental work. In addition to the
attack on the glass, the resultant silicates cause precipitation of uranium.
5-3.5 Conclusions. Type-347 stainless steel has been the basic material
of construction in most homogeneous reactor programs. It has serious
limitations, particularly from the corrosion standpoint, but in consideration of the additional important factors of cost, availability, and experience with its use, it appears a suitable material. The excellent corrosion
resistance of titanium and several of its alloys makes them very useful in
special applications, particularly where the limitations of the stainless
alloys make their use impractical. Cost, availability, and a recently observed autoignition reaction in oxygen-containing environments are
serious limitations to the use of titanium in pressure-containing equipment
(see Article 5-8.5). Zirconium and zirconium-rich alloys are unique ma.
terials for the core vessel of a two-region breeder.
The behavior of these materials in homogeneous reactor fluids is described in detail in subsequent sections of this chapter.
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5-4. CORROSION OF TYPE-347 STAINLESS STEEL IN URANYL SULFATE
SOLUTIONS*
5-4.1 Introduction. The decision to use type-347 stainless steel as the
major material of construction and a uranyl sulfate solution as the fuel
for HRE-1 and HRE-2 was based, at least in part, on the demonstrated
compatibility of the two components and on the fact that the technology
of the austenitic stainless steels was well developed. Articles 5-4.2 through
5-4.7 present the results of an extensive investigation of the corrosion of
type-347 stainless steel in uranyl sulfate solutions in the absence of ionizing
radiation, and in Article 5-4.8 the effect of ionizing radiation on the corrosion of stainless steel is discussed. Further details are reported in the
HRP quarterly progress reports [28].
All the results reported in this section were obtained with solutions containing between 50 and 1000 ppm oxygen to prevent reduction and precipitation of uranium; the precipitation of uranium as U aOs leads to the
formation of 'sulfuric acid which attacks stainless steel at a very high rate
at the temperatures of interest. A consequence of these phenomena is the
possibility of localized attack in crevices where oxygen depletion can
occur.t Other forms of localized attack have been investigated, but except
for stress-corrosion cracking in the presence of chloride ions (discussed
in Section 5-9) no serious problems have arisen. Thus, even with unstabilized stainless steels that have been sensitized by appropriate heat
treatment, no severe intergranular attack in uranyl-sulfate solutions occurs. The coupling of such noble metals as gold and platinum to type-347
stainless steel does not result in accelerated attack of the stainless steel.
5-4.2 Effect of temperature. When type-347 stainless steel is placed in
a uranyl-sulfate solution at temperatures up to 100°C, the steel retains its
metallic luster, and only after long periods of time does it develop a very
thin tarnish film. At higher and higher temperatures the film becomes progressively heavier, and in the temperature range 175 to 200°C a quite
heavy black scale forms on the surface of the steel in about 100 hr. Up to
about 175°C the film that forms is nonprotective, and the corrosion rate is
dependent on the composition of the solution and independent of the flow
rate past the steel surface. Some typical corrosion rates in this temperature
range are presented in Table 5-6.

*By J. C. Griess.
tExperience indicates such occurrences are minimized by maintaining at least
500 ppm oxygen in solution. Careful attention to elimination of crevices in the
system design is essential.
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TABLE 5-6
CORROSION RATE OF TYPE-347 STAINLESS STEEL IN
URANYL SuLFATE SoLUTIONs AT 100 To 175°C
Solution
composition

Temperature,

oc

Corrosion rate,
mpy

0.02 m U02S04 }
0.006 m H2S04

100
150

0.25
0.96

0.04 m U02S04
0.006 m H2S04
0.005 m Cu804

150
175

0.87
5.4

100
125
150
175

0.40
0.80
2.8
18.0

1.3 m U02S04

l

The heavy film that forms in the temperature range 175 to 225°C offers
some protection to the underlying steel, but in most cases the protection
is poor. At higher temperatures a heavy scale forms fairly rapidly on the
stainless steel, and once it has been established it affords essentially complete protection against further corrosion, provided the flow rate of the
solution is not too great.
The protectiveness of the film appears to be related to its composition.
At temperatures up to 175°C the scale, as determined by x-ray diffraction,
is composed of mixed hydrated ferric and chromic oxides. At higher
temperatures the amount of hydrated oxide decreases, and the amount of
anhydrous alpha ferric oxide containing chromic oxide in solid solution
increases. At 250°C and higher, only the anhydrous oxide is found in the
protective scale.
The amount of metal that dissolves during the period of film formation
depends primarily on the flow rate, the composition of the solution, the
temperature, and the presence of additives. If the other variables remain
constant, increasing the temperature decreases the amount of metal that
is corroded during the formation of the protective coating and reduces
the velocity effect.

5-4.3 Effect of solution flow rate. From room temperature to about
175°C the solution flow rate has essentially no effect on the corrosion rate
of the stainless steel. However, at temperatures of 200°C and above, the
corrosion rate is profoundly influenced by flow rate. Figure 5-11 shows
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Fm. 5--11. Corrosion of type-347 stainless steel in 0.17 m U0 2 S0 4 at 250°C as
a function of the flow rate.

typical results obtained using a tapered-channel specimen holder in a
stainless steel loop. The data were obtained from a series of runs in which
0.17 m U02S04 was circulated at 250°0 for various times. Since at low
flow rates the corrosion rate depends on time, weight loss rather than corrosion rate is used as the ordinate.
At flow rates up to about 20 to 25 fps all weight losses were nearly the
same regardless of exposure time. Between 25 and 35 fps weight losses increased sharply, and at still higher flow rates the weight loss of the specimens was proportional to the exposure time. An examination of the specimens revealed that up to about 20 fps the specimens were completely
covered with a black, relatively heavy, tenacious scale which, after it
formed, practically prevented further corrosion. In the region of 25 to
35 fps there were areas of the specimens that remained free of scale. At
flow rates greater than 40 fps the specimens did not develop any visible
scale, and upon removal from the holder the specimens had the appearance
of severely etched steel.
Although the results presented in Fig. 5-11 are for only one concentration of uranyl sulfate, a similar velocity effect is observed at all uranylsulfate concentrations and at all temperatures above 200°0. The temperature of 200°0 is in the middle of the transition region below which velocity
is unimportant and above which a velocity effect is observed. Therefore,
at 200°0 a velocity effect is observed but is not well defined. Usually all
specimens, even at the highest flow rate, develop a black coating which
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gives partial protection. In addition, the extent of the velocity effect is
dependent on the exposure time.
The velocity below which a completely protective scale forms is defined
as the critical velocity. The weight loss of stainless-steel specimens above
this velocity increases linearly with time, and the corrosion rate is constant. Below the critical velocity the stainless steel corrodes initially at
the same rate as at the high velocities, but the rate decreases as the protective coating forms and, generally, after about 100 hr very little, if any,
corrosion occurs. In fact, some specimens have been exposed· continuously
at flow rates less than the critical velocity for periods of time as long as
20,000 hr and the amount of metal corroded was no greater than after
100 hr [29].

5-4.4 Effect of uranyl sulfate and sulfuric acid concentration. All
uranyl-sulfate solutions are acid, and the more concentrated the solution,
the lower the pH as measured at room temperature. The acidity is further
increased by adding sulfuric acid to dilute uranyl sulfate solutions to
prevent hydrolytic precipitation of copper and uranium at high temperature.
Generally, the higher the concentration of uranyl sulfate or free acid in
solution, the greater the extent of metal dissolution during film formation
below the critical velocity, the lower the critical velocity, and the higher
the film-free corrosion rate above the critical velocity. Table 5-7 shows
how the above three regions change with uranyl-sulfate concentrations
at 250°C.
TABLE 5--7
THE CORROSION OF TYPE-347 STAINLESS STEEL IN
URANYL SuLFATE SoLuTIONs AT 250°C
Concentration
of U02S04,
m

Wt. loss
at 10 fps,
mg/cm 2

Critical
velocity,
fps

Corrosion rate
at 60 fps,
mpy

0.02
0. 11
0. 17
0.43
0.84
1.3

1-2
2-3
12
20
37
50

>50
25-30
20-25
10-20
10-20
10-20

~10

190
190
400
680
1400
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Fm. 5--12. The effect of sulfuric acid concentration on the critical velocity and
on the extent of corrosion at low fl.ow rates at 250°C. Solution composition: 0.04 m
U02S04 and 0.005 m CuS04.

Figure 5-12 shows the effect of sulfuric acid added to 0.04 m U0 2S0 4
containing 0.005 m CuS0 4, on the amount of metal dissolved during film
formation and on the critical velocity of the system. The effect of adding
sulfuric acid is qualitatively the same at all uranyl sulfate concentrations
and at all temperatures above 200°C and produces a result similar to that
of increasing the ·uranyl sulfate concentration. Thus it can be concluded
that the acidity of the solution determines, at least in part, how much
metal dissolves before a protective coating forms, and the critical velocity
of the solution. It has been found that low concentrations of copper sulfate
in uranyl sulfate solutions have no significant effect on the corrosiori of
type-347 stainless steel.
5-4.5 Temperature dependence of flow effects. It has been stated that
increasing the flow rate of the solution generally produces a detrimental
effect on the corrosion of type-347 stainless steel. This effect is temperaturedependent, as shown in Fig. 5-13. Although the results are based on a
0.17 m U0 2804 solution, an increase in temperature has a similar effect
at all concentrations. With a given solution composition (i.e., constant
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Fm. 5-13. The corrosion of type-347 stainless steel in 0.17 m U02S0 4 at different
temperatures.
uranyl sulfate and sulfuric acid concentrations), increasing the temperature decreases the amount of metal that dissolves during film formation,
increases the critical velocity, and increases the film-free corrosion rate of
the stainless steel. The reasons for these effects are discussed in Article
5-4.7.
5-4.6 Effect of corrosion inhibitors. The number of substances that
can be added to uranyl sulfate solutions to serve as corrosion inhibitors is
limited for two reasons: (1) all organic inhibitors are oxidized to carbon
dioxide in high-temperature oxygenated uranyl sulfate solutions, and
(2) many inorganic compounds are insoluble in uranyl sulfate solutions.
In spite of the second limitation, a number of inorganic salts have been
added to uranyl sulfate solutions to determine their effectiveness in reducing the corrosion of type-347 stainless steel. Those substances that
have been tested include: Li2S04, Na 2S04, BeS0 4, MgS0 4, Ag2S0 4,
CuS04, Cr2(S04)3, NiS04, FeS04, MnS04, Ce(S04)2, [Ru(N0)]2(S04) 3 ,
NaNOa, Na2W04, Na2SiOa, NaBiOa, H2Mo04, H 3Sb04, H 7P(Mo04) 12 ,
As205, (U02)a(P04)2, NH4Tc04, and K2Cr207.
Of the compounds listed, only potassium dichromate and certain of the
sulfate salts of the alkali and alkaline earth metals have been effective.
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FIG. 5-14. The effect of Cr(VI) in 0.17 m U02S04 on the corrosion of type-347
stainless steel.

Chromium(VI) was effective even at very low concentrations, whereas the
sulfate salts had to be present in amounts nearly equal in molality to the
uranyl sulfate.
The addition of chromium(VI) to high-temperature uranyl sulfate
solutions reduces the amount of metal corroded during film formation,
greatly increases the critical velocity, but materially increases the corrosion
rate of the stainless steel at flow rates in excess of the critical velocity.
Results obtained using coupon-type corrosion specimens in a loop through
which 0.17 m U0 2S04 was circulated at 250°C indicated that 200 ppm
chromium(VI) increased the critical velocity from 20 to 25 fps to between
50 and 60 fps [30]. Other tests were carried out in which two pin-type
specimens were exposed for 100 hr at flow rates both above and below the
critiaal velocity in 0.17 m U02S04. The results are presented in Fig. 5-14.
The corrosion rates at 70 fps are true rates which would not change on
continued exposure; those at 12 fps are average rates for the 100-hr exposures and would decrease. Had the exposure been for 200 hr, the rates
would have been approximately half those shown. It should be noted that
as the film-free corrosion rate increased, the average corrosion rate at the
low flow rate decreased.
It has been found that the presence of added sulfate salts in nearly
equimolal concentration appreciably reduced the corrosion by concentrated
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uranyl sulfate solutions. The salts that have been studied the most are
beryllium sulfate, lithium sulfate, and magnesium sulfate. The phase
stability [31] of the above solutions has been reported, as have the corrosion
results [32-34]. For example, the weight loss for a 200-hr exposure of
stainless steel in 2.0 m U02S0 4 containing 2.0 m LbS04 at 200°C was
only 5 mg/cm 2 for velocities up to 60 fps. This may be compared with
100 mg/cm 2 for exposure to a 1.3 m U0 2S0 4 solution under similar conditions. The effect of lithium sulfate was less pronounced at 250°C and
high velocities; at 250°C and 50 fps, weight losses were approximately 70
and 400 mg/cm 2, respectively, for solutions of these same concentrations.
For flow velocities less than 30 to 40 fps initial weight losses were found
to be in the range of 5 to 15 mg/cm 2 for equimolal concentrations of uranyl
sulfate and lithium sulfate up to 4.4 m and temperatures up to 350°C.
In dilute uranyl sulfate solutions the addition of sulfate salts also reduces
the corrosion of stainless steel, but at temperatures of 250°C and higher
the solutions are chemically unstable and complex hydrolytic precipitates
form. At lower uranyl sulfate concentrations (0.04 to 0.17 m) the solutions
demonstrating the greatest stability are those containing beryllium sulfate,
and of the three sulfates most investigated, the least stable of the solutions
were those with lithium sulfate. Sulfuric acid can be included in such
solutions to prevent precipitation, but in so doing some of the effectiveness
of the sulfate salt is lost. However, addition of both lithium sulfate and
sulfuric acid to dilute uranyl sulfate solutions has been found to result in
improved corrosion resistance of zirconium alloys on in-pile exposure [35].
5-4. 7 Qualitative mechanism of the corrosion of stainless steel in
uranyl-sulfate solutions. Although any proposed mechanism for the corrosion of stainless steel in uranyl sulfate solutions at high temperatures
must be considered qualitative, from a study of the effects of several variables on corrosion and from visual observation of high-temperature solutions
sealed in quartz tubes, certain conclusions can be drawn and the over-all
reaction processes determined.
The austenitic stainless steels and most other metals and alloys of
practical importance in large-scale homogeneous reactors are thermodynamically unstable in aqueous solutions and depend on protective films
for their corrosion resistance. Fortunately, when austenitic stainless
steels are oxidized in high-temperature uranyl sulfate solutions, the steel
oxidizes uniformly so that no element (or elements) is leached preferentially
from the alloy. However, not all the alloying elements contribute to film
formation.
The oxidation and reduction processes of the corrosion reaction can be
considered separately, with the oxidation reactions (considering only the
major alloying elements) represented in the following manner:
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Fe, Cr, Ni--+ Fe(II) + Cr(III) + Ni(II) + e-,
Fe(II) --+ Fe(III) + e-.
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(5-1)
(5-2)

Both iron(II) and nickel(II) are soluble in uranyl sulfate solutions to an
appreciable extent at high temperature, but if an oxidizing agent more
powerful than uranyl ions is present, the reaction indicated by Eq. (5-2)
takes place. [Manganese(II) also remains in solution.]
The half-reaction for the reduction can be any of the following, depending
on the conditions:
(5-3)
02 + 4H+ + 4e- --+ 2H20,
(5-4)
U02(II) + 4H+ + 2e---+ U(IV) + 2H20,
(5-5)
2H+ + 2e- --+ H2.
In most concentrations of uranyl sulfate at temperatures greater than
200°C (and probably even at somewhat lower temperatures), iron (III),
chromium(III), and uranium(IV) are present in solution only briefly
before hydrolyzing in the following manner:
2Fe(III) + 3H20--+ Fe203 + 6H+,
2Cr(III) + 3H20--+ Cr203 + 6H+,
2U02(II) + U(IV) + 4H20--+ U30s +SH+.

(5-6)
(5-7)
(5-8)

In a system containing oxygen the total reduction process is represented
by Eq. (5-3), although it is highly probable that other ions enter into the
reaction mechanism. Only in the absence of oxygen is either U 30s or
hydrogen found in the system.
If we examine the equations as written, it is apparent that the over-all
corrosion of stainless steel in uranyl sulfate solutions containing oxygen
can be represented by the sum of Eqs. (5-1), (5-2), (5-3), (5-6), and (5-7),
taking into account the percentage of each element in the alloy. From the
over-all reaction it can be seen that the amount of oxygen consumed can
be used to measure the quantity of stainless steel corroded. In addition,
since the nickel originating from the corrosion process remains soluble, the
total quantity of stainless steel oxidized can be determined from a knowledge of the nickel content of the uranyl sulfate solution. Measurements of
nickel content and oxygen consumption have been found to agree well
with weight loss for determining total corrosion. Since the nickel remains
soluble and replaces hydrogen ions, the pH of the solution slowly increases
as corrosion proceeds.
In a system depleted in oxygen, uranium is reduced and precipitated as
U 30 8 , producing hydrogen ions while ferrous ions remain soluble. Consequently, a pH measurement gives an indirect measure of the presence or
absence of oxygen in the system. Similarly, the presence of ferrous ions
even in very small amounts indicates a deficiency of oxygen and that
uranium is beginning to precipitate. from the solution.
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Once an anhydrous protective coating has formed on the surface of the
stainless steel, the steel corrodes at an extremely slow rate. However,
since the oxide coatings are thick, it is probable that they are under stress,
and fine cracks or imperfections form. When the film-free metal at the
base of the crack is exposed to the solution, the metal again corrodes actively
until the corrosion products repair the crack. During extended periods of
testing, this process is probably repeated many times over the surface of
the specimen, with the net observable result being a uniform attack of the
specimen.
In the proposed mechanism of film formation, both iron and chromium
form ions before undergoing hydrolysis and crystallization on the surface
of the stainless steel. This mechanism can account for the existence of a
critical velocity, since ions and hydrolyzed particles can diffuse into the
circulating stream before forming the film if the diffusion layer is too thin.
Since the diffusion-layer thickness depends on the flow rate or turbulence,
the process of film formation is, in essence, in competition with diffusion
and turbulence. The critical velocity,_ then, is that flow rate (or turbulence)
at which the diffusion layer is reduced to such an extent that most of the
corrosion products get into the main circulating stream before they can
form on the surface of the stainless steel. Under conditions where the
rates of dissolution and hydrolysis are fast, the critical velocity would be
expected to be relatively high.
It has been mentioned that solutions of uranyl sulfate are acid and that
the higher the uranyl sulfate concentration, the lower the pH of the solution. Also, data have been presented to show that the higher the uranium
concentration, the greater the corrosion rate of film-free stainless steel.
These two factors essentially work against each other with regard to film
formation; that is, a high corrosion rate would introduce relatively large
concentrations of corrosion products into the solution in the immediate
region of the stainless steel surface, a factor which should facilitate the
formation of a protective film. But even though more corrosion products
are present, the hydrogen ion concentration is also substantially greater.
Since hydrolysis reactions are very dependent on the hydrogen ion concentration, the rate of film formation is actually retarded, so that the net
result is the dissolution of more stainless steel at high uranyl sulfate concentrations than at lower concentrations before a protective film is formed.
Because the process of film formation is slower the higher the uranyl sulfate
concentration, the critical velocity is also lower the higher the uranyl
sulfate concentration.
Since the presence of sulfuric acid in uranyl sulfate solutions also decreases the rate of hydrolysis, the addition of sulfuric acid has about the
same effect as increasing the uranyl sulfate concentration.
The effect of temperature on the formation of a protective coating can
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be accounted for by considering the effect of temperature on the rate
at which the corrosion products are formed and on their rates of hydrolysis.
Increasing the temperature increases the rate at which corrosion products
enter the solution and also the rate of hydrolysis, with the net result that
films form faster and that the critical velocity is increased. Because the
initial corrosion rate and the rate of precipitation are fast, it would be
expected that the crystallite size of the oxide would be smaller the higher
the temperature of formation, and this has been found to be true. Apparently a compact layer of small crystals forms a more protective and adherent coating than one composed of large crystals.
Jt is probable, though seemingly paradoxical, that chromium(VI) serves
as a corrosion inhibitor, at least under certain conditions, because it accelerates the film-free corrosion rate of stainless steel. In this respect, the effect
of adding chromium(VI) to uranyl sulfate solutions is similar to that of
increasing the temperature. Because of the increased corrosion rate, large
quantities of corrosion products are formed near the surface of the stainless
steel, and hence the solubility limit of the oxides is exceeded rapidly and
many small crystals form on the surface of the stainless steel. Even though
the rate of hydrolysis is not increased as it is at the higher temperatures,
the diffusion rate is slower, so that the corrosion products are in the vicinity
of the stainless steel longer. Because the film forms faster, the critical
velocity is higher in the presence of chromium(VI) than in its absence, other
variables remaining the same.
The reason why the addition of relatively large quantities of inert
sulfate salts to uranyl sulfate solutions reduces the corrosiveness of the
resulting solutions is not known, but may be due to one of a number of
factors, such as the formation of stable complexes, reduction of acidity,
changes in oxidizing power, increased viscosity and density, or changes in
colloidal properties of the oxide.

5-4.8 Radiation effects.* The effect of radiation on the corrosion behavior of stainless steel is important in relation to the use of this material
in construction of the fuel-circulating system and reactor pressure vessel of
a homogeneous reactor. The radiation levels thus encountered, however,
are considerably less than for the zirconium core tank. For example, the
fission power density of the solution in contact with the stainless steel in
the HRE-2 will not exceed 1 kw/liter for operation at 10 Mw, and in a
large-scale two-region breeder or single-region burner reactor would not be
more than 5 kw /liter. These values may be compared with fission power
densities of up to 50 kw /liter at the surface of the zirconium core tank.
The corrosion behavior of type-347 stainless steel in uranyl-sulfate
solutions under irradiation at high temperature has been studied in a
*By G. H. Jenks.
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number of in-pile loop and in-pile autoclave experiments. A few scouting
type experiments of the effect of van de Graaff electrons on steel corrosion
have also been carried out. Although most of the information for the radiation effect on steel has its source in these experiments (in particular, the
loop experiments), information of a general nature has be~n derived from
the performance of the stainless steel portion of the HRE-1.
With loop experiments, specimens were located in the core portion of
the loop and in portions of the loop external to the core and out of the
high-flux region [36], as shown in Fig. 5-6 (Article 5-2.2). Coupons and
other specimens exposed in these latter positions are designated "in-line
specimens." Specimen preparation, in general, comprised only cleaning
after machining. However, prior to radiation exposure, each experimental
system, including the specimens, was exposed first to water, with or without
oxygen, and then to oxygenated uranyl sulfate solution at a temperature
near the test temperature [37]. Corrosion attack of a specimen was determined from weight-loss measurements, visual inspection, and metallographic examination. The course of corrosion of the system during exposure
in both loops and autoclaves was followed by measuring the rate of oxygen
consumption. The approximate operating conditions and other experimental information for the loop tests are shown in Table 5-9 (Article 5-5.3).
All the loops contained steel specimens except those otherwise indicated.
Experiment L-2-14 contained only a few steel coupons. A detailed description of methods and procedures employed with the in-pile tests is
presented in Article 5-5.3.
The behavior of steel under exposure to a solution in which fissioning is
occurring in the immediate neighborhood of the surface appears to change
appreciably with changes in experimental conditions. No comprehensive
picture of the behavior is available as yet, and only the general features of
the experimental results can be reported. Pits of 1 to 2 mils in depth,
which appear to spread laterally and merge (with increasing attack), are
usually found on the surfaces of specimens which have suffered appreciable
attack [38]. After the merging of pits, the attack appears to proceed
fairly uniformly over a surface.
Average corrosion rates which have been determined for core specimens
in 0.17 m U02S04 solution plus varying amounts of H2S04 and CuS04
varied between 0.1 and > 180 mpy for solution power densities up to
5 kw /liter and for solution velocities up to 45 fps [39]. These rate values
for specimens and the other rates quoted below are based on exposed
specimen areas and radiation time.
With the exception of the results of two experiments, the rates observed
at power densities below 2 kw/liter were less than 2 mpy. In one of the
experiments, L-4-8, for which the results are an exception of this generalization, a specimen exposed to a solution power density of about 2 kw /liter
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and an average solution velocity of about 40 fps exhibited a rate of 40 mpy.
The pattern of the results in this case indicated that the high solution
velocity was, in part, responsible for the high rate. In the other experiment, DD, rates varying from 2.5 to 57 mpy at solution power densities
from 0.3 to 1. 7 kw /liter and solution velocities from 10 to 40 fps were
observed. This experiment was the first of the series of loop experiments.
The higher rates in this loop may have been associated with the exceptional
solution conditions. Only a small amount of excess acid was added initially,
and it was estimated that this excess was consumed in the solution of
nickel produced in corrosion during the course of the experiment. This
solution condition was not repeated in subsequent experiments [40].
No significant acceleration of corrosion has been observed with specimens
exposed at in-line positions in the loops; that is, at positions in which the
sample is not exposed to neutrons but is exposed to solution which has
passed through the core. Average corrosion rates for in-line specimens were
less than 2.3 mpy for all cases considered. These in-line specimens were
exposed to solution velocities in the range of 10 to 40 fps, but no significant
effect of velocity on the corrosion rate was observed [41]. However, in
one experiment, L-4-12, a single pit was observed in the surface of the
recessed shoulder of the volute inlet of the pump, a high-velocity region
[42]. It should be noted that the rates mentioned are based on the loss in
weight of a specimen during exposure as measured after a cathodic defilming
treatment. The oxide is not always removed quantitatively in this treatment. Weight gains were frequently observed for in-line specimens, and
in these cases the rate of attack was assumed to be zero.
The results of the experiments with van de Graaff electrons have not
shown any significant effect of electron irradiation on the corrosion of
type-347 stainless steel by uranyl sulfate solutions at the high temperatures.
One of these experiments, carried out in a type-347. stainless steel thermal
siphon loop, was with an oxygenated 0.17 m U0 2S0 4 solution at 250°C.
The intensity of electron irradiation was such that the estimated power
density from absorption of electron energy in solution adjacent to the
specimen was 20 to 30 kw/liter. Two exposures, each of 50-hr duration,
were made, and no significant difference was observed between the attack
of irradiated and nonirradiated specimens [43]. The other experiment
was conducted in a titanium thermal loop with an oxygenated solution,
0.04 m U02S04, 0.025 m H2S04, and 0.01 m CuS04 at 280°C. The
estimated power density due to absorption of electron energy adjacent
to the specimen was about 60 kw /liter. Again no significant difference
between the attack of irradiated and nonirradiated specimens was noted
in a 50-hr exposure [ 44].
It has been suggested that chemical changes in solution due to fissioning
and/or the radiation from fission-product decay, both of which would be
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proportional to the total fission power averaged over the total solution
volume of the high-pressure system, might have an adverse effect on the
behavior of the stainless steel located in the regions external to the core.
In loop experiments at average power densities up to 1.5 kw /liter, no
such effect was apparent. The only available information on the corrosion
of type-347 stainless steel at higher average power densities is that from
the HRE-1. In this case the maximum average power density was about
14 kw /liter, and the over-all stainless steel corrosion rates (including the
core tank) were 6 to 8 mpy as judged from data for total nickel in
solution [45]. *
The influences of some of the variables on the corrosion behavior of
stainless steel under exposure to a fissioning solution, as indicated by the
results to date, are listed and summarized as follows:
Fission power density. Corrosion is accelerated by exposure to fissioning
uranyl sulfate solution, and the degree of acceleration increases with
increasing fission power density in solution. In several experiments, reasonably good proportionality was found between the fission power density
to which a specimen was exposed and the logarithm of the average corrosion
rate of the specimen during exposure.
Excess H 2804. One interpretation of some of the results is that the
optimum concentration of excess H2S04 is between 0.01 and 0.02 m, and
that concentrations above and below these limits may have an adverse
effect on in-pile corrosion.
Velocity of solution at specimen. There is some evidence that the in-pile
rate increases with increasing solution velocity.
Radiolytic-gas pressure. A possible interpretation of some of the results
is that the in-pile rate is diminished as the concentration of radiolytic gas
in solution increases.
Galvanic effects. The possibility of galvanic effects on corrosion under
some in-pile conditions has not been ruled out.
Temperature. In general, the attack observed at 250°C was greater and
less predictable than that observed at 280°C.
5-5.

RADIATION-INDUCED CORROSION OF ZrncALOY-2 AND ZrncoNruMt

5-5.1 Introduction. Crystal-bar zirconium and Zircaloy-2 have been
tested at elevated temperatures in uranyl sulfate solutions under dynamic
and static conditions in the absence and in the presence of radiation. Both

*Specimens exposed in the circulating lines before and after the core experienced
similar attack rates.
tBy G. H. Jenks.
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the metal and alloy are very corrosion resistant in the absence of radiation.
However, under exposure to nuclear radiations, particularly those from
fissioning uranium solution, corrosion rates may be appreciably greater
than those observed out-of-radiation. Although most of this section will
be concerned with the in-pile studies, some of the out-of-pile tests will also
be described.
5-5.2 Corrosion of Zircaloy-2 and zirconium in uranyl sulfate solutions
in the absence of radiation. Most of the radiation-free experiments were
of the type in which specimens of the metal to be tested were exposed in
autoclaves or loops constructed of stainless steel or titanium. The uranyl
sulfate solutions were oxygenated and usually contained excess H 2S0 4.
CuS04 was also added in some tests. Cleaned, as-machined specimens
were employed. Under exposure to the uranyl sulfate solutions at high
temperature, the specimens generally formed a black, tightly adhering
film within 100 hr. These films could not be removed without damage to
the metal, and the amount of corrosion was estimated from the weight of a
specimen together with the oxide.
Zirconium and Zircaloy-2 specimens exposed in solutions circulating in
stainless steel systems collected some of the stainless steel corrosion products (iron and chromium oxides) in an outer layer of scale. This outer
layer could be removed partially by a cathodic defilming operation. A
sodium hydride bath treatment was required for complete removal.
Table 5-8 lists values for long-term average corrosion rates observed in a
solution 0.04 m in U02S04, 0.02 m in H2S04, and 0.005 m in CuS0 4 at
200, 250, and 300°C.
TABLE

5--8

LONG-TERM CORROSION RATES OF ZIRCONIUM AND ZIRCALOY-2
IN URANYL SULFATE SOLUTIONS

Corrosion rate, mpy
Material

Crystal-bar zirconium
Zircaloy-2

200°c

250°C

300°C

<0.01
<0.01

<0.01
<0.0i

0.13
0.04

These rate values were calculated from the decrease in weight of defilmed specimens as measured following an initial exposure period of several
days. Other tests gave similar results at uranyl sulfate concentrations from
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0.02 to 1.3 m. No evidence for appreciable acceleration of attack during
exposure was observed during tests of up to 20,000 hr.
A few experiments with Zircaloy-2 were carried out in autoclaves similar
to the in-pile type [46] described in Article 5-2.2. In these experiments,
the autoclave was constructed of Zircaloy-2 and was charged with the
test solution, oxygen gas, and specimens. The test surfaces were asmachined and cleaned. Corrosion during exposure was determined by
measuring the rate of oxygen loss within the system. The results of two
of these experiments, H-54 and H-55, are shown graphically in Fig. 5-15,
where the thickness of the layer of metal which was converted to oxide or
removed by oxidation is plotted on a log-log plot versus the exposure time.
Data reported by Thomas [47] on the behavior of Zircaloy-2 in deaerated water at temperatures of 290 and 315°C, when converted into
values for the thickness of the layer of oxidized metal, are similar to those
for H-54 and H-55. The water data at 315°C are illustrated in Fig. 5-15
by the dotted line. From these results, it appears that the out-of-pile
behavior of Zircaloy-2 in oxygenated uranyl sulfate solutions is similar to
that in deaerated water in the temperature region investigated.

5-5.3 Methods and procedures employed with in-pile tests. In-pile investigations were carried out with autoclaves and loops (described in
Article 5-2.2). A majority of the autoclave experiments and all the loop
experiments were conducted in the Low Intensity Test Reactor at ORNL.
The maximum thermal-neutron flux available for these experiments was
about 2 X 1013 neutrons/(cm 2 )(sec).
For most experiments, the autoclave and the corrosion specimens were
constructed of the metal to be studied. The autoclave was partly filled
with the solution to be tested, pressurized with oxygen, and stirred by
rocking. Measurements of the oxygen pressure in the system during exposure provided information regarding the course of corrosion.
Most of the in-pile loops were constructed of type-347 stainless steel;
however, in one experiment the loop was of titanium, and in another the
core portion only was of titanium. Corrosion specimens were placed in the
core and in a portion of the loop which is outside the region of appreciable
neutron flux. The specimens in the latter position were usually duplicates
of the core specimens. The over-all corrosion behavior during exposure
was followed by measuring the rate of oxygen consumption within the
system, and by chemical analysis of solution samples which were withdrawn from time to time. Specimen examination included visual and metallographic inspection, and weight measurements. The exposure conditions
and composition of test solution which prevailed for each of the in-pile
loop experiments are listed in Table 5-9. Unless otherwise noted, all tests
were run with a light-water solution of 0.17 m U0 2 S0 4 in a type-347

TABLE

5-9

APPROXIMATE OPERATING CONDITIONS FOR IN-PILE

Excess H2S04

Loop

EXPERIMENTS

Fission power density

1oopnumber

Range,
m

Mean,
m

Estimated
radiolytic
gas,
main stream
(cc/liter,STP)

DD (a)
FF (f)
GG (f)
EE
1-4-8
1-4-11
1-4-12 (d)
1-2-10 (b)
1-4-13 (c)
1-2-15
1-4-16
1-2-14 (e-g)
1-2-17 (h)
1-4-18 (c)

0.008-0
.021-0.040
.015- .043
.004- .008
.017- .044
.008- .040
.027- .044
.014- .021
.010- .021
.027- .030
.022- .026
.37- .42
.024- .028
.018- .020

0.003
.028
.026
.006
.023
.022
.031
.018
.015
.028
.024
.40
.024
.019

120
170
220
170
170
220
180
170
280
370
110
50
140
200

Temp.
main
stream,

Time

oc

Range adjacent
to core
specimens,
kw/liter

Average
in total
loop
solution,
kw/liter

Total
operating
time at ternperature,
hr

Time of
irradiation
at full
power,
hr

250
250
250
250
250
250
250
280
250
278
280
280
300
235

1. 7-0.3
3.7-0.7
4.8-1.3
5.7-1.0
5.1--0. 7
7.0-1.3
4.8-0.9
4.2-0.8
6.3-1.1
19.8-4.6
5. 7-1.3
20.8-4.3
6. 7-1.4
5.2-1.1

0.50
.55
.75
.48
.55
.62
.67
.41
.55
1. 70
.45
1.80
.48
.52

550
816
1169
757
1729
1203
2173
1869
1212
831
1200
1034
1333
1021

280
467
897
537
1459
725
1462
1255
787
544
775
510
875
642

(d) Ti-75A core,
(a) Stainless steel specimens only.
(b) 0.04 m U02S04, 02 pressure 310-90 psi.
(c) D20 solvent.
347 S.S. body.
(e) All Ti-75A loop.
(f) No stainless steel specimens.
(g) 0.15 m CuS04.
(h) 0.04 m U02S04.
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m
Exp.
No . .U02S04 CuS04
Other

1.0

H-54
H-55
H-57
H-58

0.34
0.17
0.17
0.17

0.04
0.02
0.02
0.02

02
02
02, H2, Rad
0, H2, Rad
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Temp Slope

•c

250
290
250
250

0.41
0.34
1
1

H-58
.!!

·e

0.1

c'
0
·;;;

!!

~

u

0.01

0.001 .___._,.,_.,..............__._._.........u.w.___.__...................w....__._.....................
0.1
10
100
1000
Time, days

Fm. 5-15. Comparison of Zircaloy-2 corrosion in various environments.

stainless steel loop. CuS0 4 concentrations from 0.008 m to 0.07 m were
employed. Oxygen pressures ranged from highs of 140 to 195 psi to lows
of 35 to 90 psi. Pressurizer temperatures were normally 15 to 30°C higher
than the temperature of the main stream.
The solution compositions for a majority of the autoclave experiments
are summarized in Table 5-10. In the usual experiment, the fission power
TABLE

5-10

SUMMARY OF SOLUTION COMPOSITION FOR AUTOCLAVE RADIATION
CORROSION EXPERIMENTS WITH ZIRCALOY-2

Component
U02S04 (90% enriched uranium)
CuS04
H2S04
Excess 02
Radiolytic gas

Concentration
0.17m
0.01-0.04 m
0-0.04m
900-20 psi
0-500 psi

density was 20 w/ml or less. In a few exceptional autoclave experiments,
power densities considerably greater than 20 w/ml were achieved [48].
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Operating temperatures ranged from 225 to 300°C, with most experiments
at 250 or 280°C.
The method of filling and sealing many of the early autoclave experiments
included air at atmospheric pressure within the system. Solution analyses
after irradiation indicated that most of the nitrogen from this air was
fixed in solution in some oxidized form with possible concentrations (if
all N0 3 -) up to or about 0.05 m [49].
The usual preparation of specimen surfaces consisted of cleaning after
machining. Before exposure to radiation, the systems, with specimens,
were first subjected to high-temperature water, with or without oxygen,
and then to the uranyl sulfate solution at temperatures near the test temperature. The loop systems were exposed to solutions of normal uranyl
sulfate before the exposure to the U 235-enriched uranyl sulfate solutions.
The thermal neutron flux to which a Zircaloy-2 specimen was exposed
while in-pile was determined by measuring and comparing the amount of
the induced activities, Zr9 5-Nb95 , in the specimen and in a control sample
of Zircaloy-2. The latter was irradiated together with a cobalt monitor in a
separate experiment in which the specimen and cobalt did not contact
solution. For some experiments which contained steel specimens, similar
measurements were made utilizing the Cr 51 activity. The fission power
density in the uranium solution adjacent to a specimen was calculated
from the resulting value for the thermal flux together with the value for
the fission cross section of uranium, assuming 200 Mev per fission.
Recently, comparisons have been made between values for the flux
indicated by cobalt monitors within the test system and by Zircaloy-2
within the same system. The flux values determined from the cobalt
were about 253 less than those from Zircaloy-2. The cobalt values may
be more valid, but the consistency between Zircaloy-2 results has been
good, and the Zircaloy-2 values are employed throughout in presenting
the results [50].
Experimental conditions other than those summarized above have been
employed, and some of these will be mentioned later.

5-5.4 Results of in-pile tests with Zircaloy-2 and zirconium. The results of autoclave experiments have demonstrated that the corrosion rate
of Zircaloy-2 under irradiation at a given set of exposure conditions does
not change with the time of exposure, in contrast to out-of-pile behavior.
Two in-pile autoclave experiments, H-57 and H-58, plotted in Fig. 5-15,
illustrate this [51]. The lines through the plotted points for tests under
radiation exhibit a slope of 1, and those for out-of-pile experiments, a slope
of about 0.4. In both cases the values for penetration are those calculated
from the results of oxygen consumption measurements. It was assumed in
the calculations that corrosion of the exposed surfaces in the autoclave
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was uniform and that oxygen was lost only in the formation of Zr02.
These assumptions appear to be generally valid for the in-pile cases. The
corrosion penetration calculated from weight changes of specimens was
usually in near agreement with the penetration calculated from oxygen
data. A pitting type attack was detected in only one of the numerous
specimens which have been exposed [52]. The cause of pitting in this case
is unknown.
The time scale which is employed for the radiation experiments is
cumulative time with the reactor at power. During exposure of a given
experiment, the reactor was frequently at zero power for appreciable
periods. It has been observed in autoclave experiments that a penetration
of from 0.005 to 0.01 mil takes place after shutdown and that, following this,
corrosion essentially stops until power operation is resumed. The corrosion
which takes place during shutdown appears to delay the onset of attack
when irradiation is reinstituted; the amount of delay about balances off the
additional attack which occurs during shutdown. In view of this behavior,
the practice has been adopted of using radiation time only in calculating
corrosion rates [53].
The oxide which is found on Zircaloy-2 surfaces under irradiation is
markedly different from that formed outside of radiation. The in-pile
specimens which are removed from the autoclaves are covered with a
relatively heavy brass-colored scale. This scale cracks and flakes off to
some extent upon drying. When a specimen is immersed in acetone and
then air-dried at 100°C, the scale flakes off almost quantitatively [54]; remaining scale can be removed by cathodic defilming. The specimen surfaces after defilming generally exhibit a dark-gray color and, in some
cases, interference colors. In-pile loop specimens, on the other hand, appear to be free of heavy scale of the type found in autoclaves. There is
usually a dark-brown-colored scale on the surfaces, the amount of which
is greatest for specimens exposed at the lowest power densities. The scale,
of unknown composition, can be removed in a cathodic defilming operation [55].
Chemical analyses of heavy scale on autoclave specimens revealed that
they contain several percent by weight of uranium and copper in addition
to zirconium. Sulfate is found in some scales '[56]. Core specimens from
loop experiment L-2-17 have been analyzed for uranium as removed from
the loop. Twenty micrograms of uranium per square centimeter were
found on the surface of a specimen exposed in a location at which the solution velocity was about 1 fps. Five micrograms per square centimeter
were found on a specimen exposed at a solution velocity of about 30 fps [57].
Average corrosion rates during exposure to radiation have been calculated
from the observed loss in weight and the exposed specimen area, not including areas in close contact with adjacent specimens or covered by the
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specimen holder. In some cases, where specimens had different ratios of
total to exposed areas, results indicated that the rate of attack of the covered areas was nearly the same as that of the exposed areas. However, use
of only the exposed area gives more conservative values. For most of the
loop specimens, the ratio of total to exposed area was about 1.6, and in
autoclaves the ratio was nearly 1.
Loop results obtained with 0.17 m U02S04 solutions but with other
conditions varying are illustrated in Fig. 5-16 [58]. Except for relatively
minor variations, the solutions for the experiments represented by curves
A, B, and C were the same. Experiment L-2-14, curve E, was with a
solution containing 0.4 m H2S04 and 0.15 m CuS04 as additives. Experiment L-4-18, curve D, was with a D20 solution. Channel specimens
were exposed to solution velocities in the range 10 to 40 fps; annulus
specimens to velocities of about 1 fps. Where annulus type specimens were
employed, they usually exhibited rates somewhat greater than the channel
specimens. The annulus type specimens in loop L-2-15 (curve C) represent
the maximum difference observed in 0.17 m U0 2804 solutions. No difference between channel and annulus specimens was observed in experiments L-4-18 and L-2-14 (curves D and E). The 280°C data represented
by line B follows the equation

R = 1.04P(l - e- 95 tR'· 5 ),
where R =rate in mpy, and P =power density m kw/liter.
for 250°C (line A) follow the equation

R = 1.25P(l - e- 5 . 5 tR'· 5 ).

(5-9)
The data

(5-10)

The derivation of an equation of this general form is given in Article 5-5.6.
Data represented by the other curves are considered insufficient to justify
representation by specific equations.
Results obtained with loop experiments with 0.04 m U0 2804 solution
(L-2-10 and L-2-17) are illustrated by the curves in Fig. 5-17 [59]. A
portion of line B from Fig. 5-16 is included in Fig. 5-17 for comparison.
Corrosion rates for channel specimens in this solution are greater at the
same power density than those for specimens in 0.17 m U0 2S0 4 solutions.
The shape of the curve through the channel data is also different. As will be
discussed later, these channel data may be interpreted in terms of a beneficial effect of solution velocity on corrosion. The approximate locations
of specimens in the channel with respect to the power density to which the
specimen was exposed and the average velocity of solution at the specimen
are indicated in Fig. 5-17. The annulus specimens, which were exposed at
low solution velocities, corroded at higher rates than the channel specimens.
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The results of autoclave experiments at 250°C (curve A, Fig. 5-16) with
solutions of the same general compositions as those listed in Table 5-9,
but with 0.04 m excess H2S04 [60], followed Eq. (5-10), developed for
250°C loop data. The rates obtained in autoclave experiments with similar
solutions at 280°C [60] followed the equation

R

= l.36P(l -

e- 95 /R' .. ),

(5-11)

which illustrates that the rates were somewhat greater than those obtained
with loop channel specimens at 280°C (curve B, Fig. 5-16). In autoclave
experiments with solutions of the same general composition but with no
excess H2S04, the data at 250°C [60] followed the equation

R

= 2.9P(l - e- 6 -5IR'-'),

(5-12)

and the data at 280°C followed the equation

R

= 2.45P(l -

e- 9 5/R'-').

(5-13)

Rates obtained with 0.04 m U02S04 solutions in autoclaves were in approximate agreement with the values observed for annulus coupons in
loop experiments with 0.04 m solutions (Fig. 5-17) [60]. The effects of
changes in some other variables on the in-pile rate are described below:
Time. As mentioned previously, the rates under irradiation appear to
remain fairly constant with time.
Oxygen and hydrogen. No effect has been noted of changing the pressure
of hydrogen within the test limits, 0 to 350 psi, and of oxygen within 150 to
900 psi.
CuS04. CuS0 4 concentration apparently has little effect on the rate.
The results of one autoclave experiment, Z-17, in which no copper was
employed confirmed this behavior [61].
Nitrogen. The presence or absence of air at atmospheric pressure in the
autoclave when sealed apparently has little effect on the rate [62].
Other solution variables. The presence of Li 2S04 as an additive in the
uranyl-sulfate solution has resulted in a decreased radiation effect in some
autoclave experiments [63]. No appreciable effect on the rate has been
noted for other solution additives such as Cr0 3 and KTc04 [64]. An
experiment to which Mo0 3 was added indicated an adverse effect for this
material in solutions [64].
Other materials. Crystal-bar zirconium was tested in several loop and
autoclave experiments. Observed corrosion rates were in near agreement
with those for Zircaloy-2.
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Chemically polished* specimens of Zircaloy-2 and crystal-bar zirconium
corroded at rates about 103 lower than the as-machined specimens.
Other zirconium alloys have been tested in some experiments, but only
one of these alloys, Zr-153 Nb, has exhibited appreciably better resistance
than Zircaloy-2. This niobium alloy has been tested in several loop and
autoclave experiments. In the beta-quenched condition, it corroded at
rates lower than those observed for Zircaloy-2 by factors of from 3 (run
L-4-11) to 1.5 (run L-2-17) [65].
Zircaloy-2 autoclave experiments in the LITR and MTR reactors with
solutions which contained U0 2 S04 depleted of U 235 have exhibited an
acceleration of corrosion over that expected out-of-radiation. In these
tests, absorption of fast neutron and gamma rays gave rise to a power
density in solution of about 6 kw /liter in MTR experiments and 0.6
kw /liter in the LITR experiments. In each reactor, about one-half of the
power was from gamma-ray and one-half from fast-neutron absorption. At
280 to 300°C the observed rates were about 1 and 4 mpy at the lower and
higher powers, respectively [66].
5-5.5 Tests of the effect of fast-electron irradiation on Zircaloy-2 corrosion. The effect of fast electrons from a van de Graaff accelerator on the
corrosion of Zircaloy-2 by uranyl sulfate solutions has been tested in
experiments at 250 and 300°C. In both cases the specimens were mounted
in a small thermal siphon loop constructed of titanium. Employing electrons with an initial energy of 1.5 Mev and currents in the neighborhood of
2 X 10 14 /(cm 2 )(sec), the experimental arrangement was such that an
electron traversed approximately one-half of its range before impinging on
the specimen. The estimated power density due to absorption of beta-ray
energy in the solution adjacent to the specimen was 60 to 90 kw /liter in
each experiment. The duration of exposure was 40 hr at 250°C and 60 hr
at 300°C. No significant acceleration of the corrosion due to irradiation
was found in either case [67].
5-5.6 Discussion of results of radiation corrosion experiments. The
results of the radiation experiments presented above suggest that the
radiation effect on the corrosion of Zircaloy-2 by uranyl-sulfate solution
is not directly associated with changes in solution under irradiation. If
the radiation chemistry of these solutions at high temperature is not greatly
different from that of acid solutions near room temperature, the yield of
H-atoms and OH radicals in solution from beta and gamma radiation is
at least as great as that from heavy particles [68]. Since radicals produce
marked changes in reactions, rather than the molecular products H 2 and
*503 H20, 453 concentrated HNOa, and 53 HF (483).
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02, corrosion effects due to changes in solution would be as pronounced
for beta-gamma radiation as for heavy particles. However, no effect of
beta radiation was observed. It was also mentioned that no effect has been
observed of varying H2 and 02 pressures in in-pile autoclave experiments.
Thus the primary action of the radiation is in the metal or its protective
oxide film, or both, probably through the formation of interstitials and
vacancies by heavy nuclear particles. Beta-gamma radiations can also
produce interstitials in such materials, but with considerably less efficiency.
The number of such defects produced by an electron in the energy range
employed in the van de Graaff experiments may be expected to be a factor
of 100 or more less than the number produced by a 1-Mev neutron [69].
Hence the rate of defect formation by the electrons was small compared with
the rate of formation by fast neutrons in the depleted U0 2S04 in-pile tests.
On the basis of these considerations and of the various experimental
observations, a qualitative model of the radiation corrosion of Zircaloy-2
has been developed, from which an equation relating fission power density
in solution and corrosion rate has been derived [70]. The equation has the
general form

R = AP(l -

e-B!R'· 5 ),

(5-14)

where R is the corrosion rate, P is the fission power density, and A and B
are constants. This equation is derived as follows.
Under exposure to heavy-particle radiation, the protective oxide film
forms on the metal as it does out-of-radiation, and the kinetics of the protective oxide formation are about the same in and out of radiation. Under
irradiation, however, the film does not continue to increase in thickness.
Radiation produces defects of unspecified nature in the protective oxide,
and in the presence of these defects, the oxide breaks up and/ or reacts
with the solution to form a nonprotective scale. The rate at which the
protective oxide breaks up is proportional to the concentration of defects
in the oxide at the oxide-solution interface. Under these conditions, a
steady state is established in which oxide is removed at a rate equal to the
rate of formation and in which a steady-state thickness of film results.
The corrosion rate is determined by the rate of transfer of reagents across
this film. The defects are produced at a rate proportional to the intensity
of radiation and are removed by thermal annealing at a rate proportional
to the concentration of defects. In the derivation of the general equation,
it was assumed that the rate of oxidation of the metal, R, at a given protective film thickness, X, is given by

R=
where C is a constant.

c;x 2 ,

(5-15)
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In considering the effect of solution composition and flow velocity on
the radiation corrosion of Zircaloy-2, a number of interesting phenomena,
related apparently to the sorption of uranium on or near the protective
film, were observed. Some of these effects are illustrated in Fig. 5-17,
based on data from runs L--2-10, L--2-17, L--4-16, and L--2-15 listed in
Table 5-9. As shown in Fig. 5-17, at a given solution power density the
corrosion rate was greater in 0.04 m U02S0 4 than in 0.17 m U02S0 4,
and the degree of difference was less in high-velocity regions (30 to 40 fps)
than in low-velocity regions (10 fps). The low-velocity (1-fps) annulus
specimens in the 0.04 m solutions were attacked at markedly higher rates
than the channel specimens. The addition of 0.04 m excess H2S011 to the
0.17 m U02S04 solutions in autoclave experiments had a beneficial effect
at a given solution power density. The addition of a greater amount of
excess H2S04 (0.4 m) to the 0.17 m U02S0 4 in loop experiment L-2-14
also produced a beneficial effect.
It appears likely that most of these solution and velocity effects are
associated with the sorption of uranium on the surface of the test specimens. As mentioned previously, uranium is usually found in the scale
from specimens exposed in autoclave experiments. The amount of this
uranium is less for specimens exposed to solution with 0.04 m excess H2S0 4
than for those exposed to solutions with no acid. One to two per cent
uranium by weight is usually found for specimens exposed under the
former conditions, and 5 to 63 under the latter condition. It has been
found that the autoclave results in the different solutions can be intercorrelated as well as correlated with the loop results if a corrected power
density, Pc, rather than the power density in solution is employed [71].
In this correlation, which is empirical, the corrected power density is
assumed to be given by the expression
(5-16)
where U1 is the percentage uranium in the scale, N is the thermal neutron
flux, P, is the power density in solution, and K' is a constant. Since P,
is related to N through the uranium concentration in solution, U,, the
equation may be written:
(5-17)
The curve expressed by Eq. (5-9) was assumed for the relationship between
power density in solution and corrosion rate in the absence of scale at
280°0. The constant K in Eq. (5-17) was evaluated from the best fit of
the 280°0 autoclave data to the curve. The same value of the constant
was found to apply in fitting the 250°0-autoclave data to Eq. (5-10),
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which represents the line drawn through the results of the 250°C-loop
experiments. On the basis of these correlations-that is, when the corrected
power density is employed-it appears that there is no appreciable difference between the corrosion rate in autoclave solutions containing
0.04 m H 2S0 4 and in those free of excess acid. There is also no difference
between 0.17 m and 0.04 m U02S04 solutions in autoclave experiments.
The fact that the autoclave data can be correlated with the loop data
represented by Eqs. (5-9) and (5-10) is of questionable significance, since
it is not known whether the rates in the 0.17 m U02S0 4 loop experiments
were influenced by sorbed surface urar>ium. As mentioned previously, the
loop specimens are usually free of heavy scale of the type found in autoclaves. However, uranium was found on specimens from the L-2-17 experiment, which was with a solution 0.04 m U02S04, and it appears
likely that uranium sorption on a given Zircaloy-2 specimen was responsible for an appreciable fraction of the total corrosion attack on the given
specimen both in this experiment and in experiment L-2-10 [72]. Since a
greater amount of uranium was found on the surface of the low-velocity
annulus specimen than on the high-velocity core channel specimen, it is
also likely that differences in the amount of uranium which is sorbed at
different velocities resulted i~ the apparent beneficial effect of increasing
solution velocity [72] in these 0.04 m U02S0 4 experiments.

5-6. CORROSION BEHAVIOR OF TITANIUM AND TITANIUM ALLOYS
URANYL SULFATE SOLUTIONS*

IN

5-6.1 Introduction. The corrosion behavior of commercially pure titanium and of titanium alloys has been tested at elevated temperatures in
uranyl-sulfate solutions under dynamic and static conditions in the absence and in the presence of radiation. The equipment and testing procedures employed were identical with those employed in tests of Zircaloy-2
and type-347 stainless steel described previously.
Of the various in-pile loop experiments listed in Table 5-9, all but those
designated DD, GG, and FF were concerned in part with titanium corrosion. In addition to the in-pile tests, one scouting-type experiment was
made of the effect of fast electrons from a van de Graaff accelerator on the
corrosion of titanium-75A in a small thermal siphon loop constructed of
titanium.

*By J. C. Griess and G. H. Jenks.
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5-6.2 Corrosion of titanium and titanium alloys in uranyl sulfate solutions in the absence of radiation. The commercially pure titanium and
the titanium alloys developed a tightly adhering film under exposure which
exhibited interference colors ranging from tan to deep blue or black, depending upon the alloy and upon conditions and length of exposure. This
film could not be removed without damaging the metal. Titanium specimens exposed in uranyl sulfate solutions circulating in stainless steel loops
collected some of the stainless steel corrosion products (iron and chromium
oxides) in an outer layer of scale which could be removed electrochemically.
The average corrosion rates of commercially pure titanium alloys
(45A, RC-55, 75A, lOOA, 150A) in a solution 0.04 m U02S04,
0.02 m H2S04, and 0.005 m CuS04 at 200, 250, and 300°C in the absence
of radiation were less than 0.1 mpy. Under similar conditions, high-strength
titanium alloys (containing 53 Al, 2!3 Sn; 33 Al, 53 Cr; 63 Al, 43 V;
43 Al, 43 Mn) exhibited corrosion rates up to 0.4 mpy; one alloy
(Ti+ 83 Mn) showed only 0.05 mpy at 300°C. These rate values were
calculated from the decrease in weight of specimens as measured in longterm tests following an initial exposure period of several days. The specimen in each case was descaled electrochemically prior to the final weighing
but, as described above, some film remained on the specimen. As shown
by the results, the commercially pure titanium is very resistant to attack.
The high-strength titanium alloys are slightly less resistant, and corrosion
rates increased with increasing temperature. Other tests have shown
similar corrosion rates at uranyl sulfate concentrations from 0.02 to 1.3 m.
5-6.3 Corrosion of titanium and titanium alloys in uranyl sulfate solution under irradiation. Specimens exposed in the core of in-pile loops were
coated with an adherent bronze-colored film which could not be removed
without damage to the metal. In some loop experiments, the bronze film
was overlaid with a dark-brown scale similar to that found on Zircaloy-2
specimens and was thickest for those specimens exposed at the lowest
fission power densities [73] as for Zircaloy-2. This scale was partly removed from the titanium and alloys by a cathodic defilming operation
prior to final weighing. The value for the corrosion rate of a core specimen
was calculated from the loss in weight during exposure as indicated by
final weighing, the exposed area, and the radiation time (see Articles 5-5.3
and 5-5.4).
The results obtained with core specimens from in-pile loop experiments
shown in Fig. 5-18 [74] indicate the spread of experimental data over the
range of conditions investigated (Table 5-9). Some of the available experimental values at low power density and low corrosion rates have been
omitted from Fig. 5-18. Most of the data shown were obtained with
Ti-55A. For this material, the results indicate that the corrosion rate
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FIG. 5-18. Radiation corrosion of titanium, loop results.

in-pile is greater than that expected out-of-pile and that the in-pile rate
increases slightly with increasing fission power density. There is no significant effect of exposure temperature within the range investigated. A
few results suggest that high solution velocities had an adverse effect on
the in-pile corrosion, but other results show no such adverse effect. It is
possible that fretting between specimens and holder was responsible for
the additional weight loss of those specimens which indicated the adverse
velocity effect. It should be noted that the amount of scale retained by a
specimen after descaling can and may affect the apparent corrosion rate
of the specimen, and differences in the amount of scale retained by different
specimens may influence the apparent corrosion behavior with respect to
the variables power density, velocity, and temperature. The few results
available for titanium alloys indicate that, with the exception of the Ti-6%
Al-4% V in experiment L-2-14, these materials corroded at rates which
are about the same or only slightly greater than those for Ti-55A under
the same conditions. The rates for the Ti-6% Al-4% Vin L-2-14 were
about double those for Ti-55A.
The corrosion rate of Ti-55A in in-line positions outside the radiation
field was found to be in the range of 0 to 2.5 mpy [74]. These results indicate that, in general, the corrosion of titanium exposed in in-line positions
of a loop is greater than expected in the absence of radiation, which out-ofpile tests showed to be about 0.03 mpy or less. The rates determined from
specimen weights were generally less than those observed with specimens
exposed in the core, although in some experiments the maximum rate observed for in-line specimens was about the same as that observed for core
specimens. Differences between the amount of scale retained by in-line and
core specimens after descaling may account, in part, for the apparently
lower rates of in-line specimens.
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The results of in-pile autoclave experiments indicated corrosion rates
under irradiation which are in general agreement with those determined in
in-pile loop experiments. The oxygen pressure measurements in autoclave
experiments indicate that the rate of attack remains constant at a given
set of in-pile conditions [75].
The van de Graaff experiment employed a solution 0.04 m U0 2S0 4,
0.02 m in excess H2S04, and 0.01 m CuS04 at a temperature of 300°C.
Exposure to fast electrons was for a period of 50 hr and at an intensity such
that the estimated power density due to ele~tron absorption was about
60 kw/liter in solution adjacent to the specimen. No evidence was apparent that the corrosion of the Ti-75A was accelerated appreciably during
the irradiation [76].
5-7.

AQUEOUS SLURRY CORROSION*

The studies reported in this section indicate that corrosion-erosion problems of high-temperature (250 to 300°C) aqueous oxide slurry systems may
be satisfactorily controlled. However, under unfavorable conditions very
aggressive attack has been noted.
Aqueous slurry corrosion problems in nuclear reactors were studied in
the early days of the Manhattan Project, as reported by Hiskey [77] and
Kirshenbaum [78]; in Great Britain's Harwell laboratory [79]; and in
the Netherlands's KEMA laboratory [79]. Slurry corrosion problems are
now being studied for the Pennsylvania Advanced Reactor by Westinghouse Corporation [80], and at Oak Ridge National Laboratory [81-85].
Most of the work described below has been done at the Oak Ridge National Laboratory and is summarized in the reports cited above. Most of
the circulating corrosion tests have been carried out at temperatures of
approximately 250 to 300°C in stainless steel equipment.

5-7.1 Nature of attack. Factors involved in the corrosion-erosion problem.
Slurry attack may be ;egarded as simultaneous abrasion and hightemperature water corrosion. Information on the high-temperature corrosion of materials by water in nuclear reactors is discussed in the Corrosion and Wear Handbook [86], by L. Scheib [87], and for other systems
in the Corrosion Handbook [88]. This serves as a basis for the consideration of similar aspects of attack by aqueous slurries.
For the practical utilization of circulating aqueous slurries, a suitable
balance must be made between corrosion-erosion attack of materials of
construction and handling properties of the slurry, including viscosity,
heat transfer, settling, resuspension, and caking characteristics. The materials of "onstruction, operating conditions, slurry characteristics, and
*By E. L. Compere.
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properties of the thoria or other material used to prepare the slurry all
exert important influences on the corrosion-erosion problem. All these
factors are important in certain circumstances, and their effect has frequently been found to depend strongly on the presence or level of other
factors. Considerations of such interactions should not be neglected;
however, the strongest factors in attack by aqueous slurries appear to be
particle size, abrasiveness, and degradation susceptibility, flow velocity
and pattern, and metal composition. Important secondary factors include
temperature, atmosphere, slurry concentration, and additives. The effect
of radiation, particularly fissioning, is expected to interact strongly with
such other variables as flow and type of gaseous atmosphere.
Materials of interest. The materials of interest in aqueous slurry systems
for nuclear reactors include many of those considered for high-purity
aqueous high-temperature systems in the Corrosion and Wear Handbook [86]. Although materials found to be unsatisfactory in the purely
aqueous system are usually not suitable for slurry systems, the order of
excellence and the relative importance of different variables has been found
to be altered in slurry systems. Most of the materials and alloys investigated were the same as tested in aqueous uranyl sulfate solutions described
previously. Results for classes of materials are summarized as follows:
The austenitic stainless steels represent the most useful class of construction material for slurry systems. Of the various types available,
type-347 has been tested most. Differences between various types do
not appear to be significant.
It appears possible to reach corrosion rates considerably below 1 mpy
with flows of 20 fps. The most severe attack of stainless steel has been
localized attack noted on pump impellers and housings, orifice restrictors,
and test specimens in high-velocity regions.
Ferritic and martensitic stainless steels are attractive for certain operating parts because of their hardness properties. The corrosion resistance
of these materials is about the same as that of the austenitic stainless
steels and slightly better in a number of cases. Because certain alloys
of this class do not appear to be susceptible to stress-corrosion cracking
as are austenitic stainless steels, they remain potentially a very useful
class of materials.
Carbon steels or low-alloy steels are of interest because of their low
cost. Results based on corrosion specimens in systems at high oxygen
concentrations, or with hydrogen added, indicate comparatively high
attack rates decreasing with time, and it is possible that acceptable rates
will be achieved. However, pitting problems and potential embrittlement by hydrogen or alkali have not been explored. The effect of chromate from corrosion of stainless steel by slurries with high oxygen concentrations in a combined carbon steel-stainless steel system has not
yet been determined.
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Nickel alloys appear to perform somewhat better in hydrogenated
systems but generally are not so corrosion resistant as the austenitic
stainless steels in oxygenated slurries. Inconel and Inconel X appear to
give results approaching austenitic stainless steel in some circumstances.
Stellites have performed best in hydrogenated systems. Attack by
high-temperature oxygenated slurry appears to be due to simple aqueous
corros10n.
Titanium and its alloys in oxygenated slurry have shown approximately
the same corrosion rates as the austenitic stainless steels. In alkaline
systems with hydrogen atmosphere, very severe attack has been noted.
Zirconium alloys, especially Zircaloy-2, have shown extremely good
corrosion resistance relative to other materials. Fairly severe attack in ·
a high-velocity wake region by a very abrasive thoria slurry has been
noted.
Noble metals have been tested along with other types to assist in
evaluating the effects of pure erosion. To a rough approximation the
ratio of attack rates on the platinum and gold is constant over a wide
range of conditions, as suggested by Hiskey [89].
Tantalum, in one test at 21 fps, gave results comparable to platinum.
Bronze and aluminum were severely attacked by high-temperature
aqueous slurries. Synthetic sa'{Y[Jhire and aluminum oxide were severely
attacked at high flow velocities by high-temperature aqueous thoria
slurries, and pins of thoria densified by the addition of 0.53 CaO disintegrated under similar conditions.
Types and mechanisms of attack. The attack by aqueous slurries on
metals under nuclear reactor conditions may be treated as a succession of
stages: (a) collision of slurry particles with the surface, (b) damage to the
surface, and (c) reaction of the underlying metal with the aqueous phase.
Particles may be caused to strike the surface by impingement, by eddy
action, or by shear forces.
Impingement attack, which is noticed on upstream surfaces of objects in
line of flow, in piping elbows, etc., is visualized as resulting from a breakthrough of flow lines by slurry particles as the direction of flow is changed
on meeting an object. Attack primarily results from impact of the larger
slurry particles with the surface. An example is shown in Fig. 5-19.
Impingement target efficiency [90-93] is estimated as a function of the
dimensionless separation number V 0 D~(p. - p )/18µDb, where Vo is relative
slurry velocity, Db is dimension of obstructing body, DP is particle diameter, µ is fluid viscosity, p. is solid density, and p is slurry density. A
sigmoid curve of target efficiency versus the logarithm of separation number was obtained for various shapes with 55 to 803 target efficiency at a
separation number of 1, and with a limiting value of separation number,
0.06 for cylinders, below which impingement does not occur. Application
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Frn. 5-19. Impingement erosion of pin specimens by flowing thoria slurry.

of this concept by Thomas [94] to aqueous thoria slurry at 250°C indicated that flow at 26 fps past a cylinder of 0.1 in. diameter would result
in no impingement by particles below about 3 microns.
Corrosion rate would by this model be proportional to concentration,
velocity, target efficiency, and erosivity [95] (the mass of metal removed
per unit mass of particles striking the metal surface). Erosivity would be
expected to be a function of the flow characteristics, particle energy and
abrasiveness, and other properties of the particle and the metal, although
a general formula for it has not been developed.
The results of the impingement concept should apply to attack on all
surfaces obstructing flow lines of the slurry. This type of attack will be
sensitive to equipment size effects.
Eddy attack is noted on pump impellers and housings, high-velocity
test specimens, pipe walls, and other similar regions. It is characterized by
relatively deep-gouged pits in the direction of flow, quite smooth on the
bottom, or by a deep general polishing. The pits are frequently undercut
to the downstream side so that they feel smooth in the direction of flow
and rasplike in the reverse direction. Attack due to wakes, cavitation, or
flow separation is more localized. It is frequently possible to associate the
localization of the attack with some change in the flow pattern. It has
been observed downstream from protruding weld beads, on the downstream side of pin test specimens, on the rim of pump impeller shrouds, on
pipe walls downstream from a flow interruption, between adjoining coupon
test specimens, etc. An illustration of such attack on a pump impeller is
given in Fig. 5-20.
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Fm. 5-20. Eddy corrosion of stainless-steel pump impeller by thoria slurry.

Pits resulting from eddy attack may become quite deep, with depths of
100 mils having developed in a stainless steel pump-impeller shroud edge
(not shown) in 1000 hr.
Eddies can be caused by high velocity, high rates of shear, cavitation,
wake effects, and flow separation and may result in breakthrough of the
flow boundary layer [96-97].
It would appear that in some sense the impingement model above might
still apply to eddy erosion, with larger particles being thrown to the outer
circumference of an eddy. The edge velocity of the eddy would be at least
equal to the fluid velocity at the point of eddy origin. The postulation of a
lower limit on eddy size has been noted [98]. Small eddies might become
trapped in surface imperfections, leading to continuing localized attack.
Wake effects are similar to the cavitation erosion studied in water tunnels
by Shalnev [99], in which the initiation of cavitation in the wake of circular
objects is attributed to eddies. Eddy attack will be very sensitive to equipment shape and streamlining effects.
Low shear attack is a relatively gentle, low-velocity attack such as might
be observed on pipe walls, coupon specimen surfaces parallel to the direction of flow, etc. It is presumed to result from a reduction in thickness of
the protecting boundary layer as flow velocity increases. As indicated by
Johnstone and Thring [100], this type of attack would be sensitive to
scale-up effects, becoming less severe at equivalent Reynolds number as
the flow-channel dimensions are increased. It is also likely to be sensitive
to water corrosion effects.
Relatively thin colored films (less than 1 mg/ cm2 ) characteristic of
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water corrosion are normally observed in aqueous slurry systems. In
many cases, especially when a substantial quantity of electrolyte is present,
a bright polished surface has been observed. With slurries having particle
sizes near their degradation minimum, there appeared to he no decrease in
corrosion rate with time, which implies that the outer portions of the protective oxide film were being removed by the flowing slurry as fast as it
was formed.
Factors involved in surface damage to oxide film or metal proper by impinging particles are complicated. Hardness, elasticity, strength of the
oxide film or metal, and the nature of the metal-to-oxide bond are important. Impact energy, its localization by particle sharpness, and its
transfer due to particle hardness and strength, are also important. Rosenberg and others [101-103] noted that sharp sand was about four times as
erosive to steel (in an air blast) as larger, more rounded sand. For many
slurries in toroid or pump loop tests the most severe attack of metal surfaces is noted concurrently with the most rapid degradation in the size of
the slurry particles [104].
For all metals of interest, except the most noble, the destruction of a
protective oxide film exposes reactive metal to the aqueous medium. The
rate of reaction is very high, and the rate of film re-formation will control
this reaction rate and the net amount of metal consumed. Changes in the
chemical environment and pH via gaseous atmosphere, additives, or ingrowing corrosion or fission products will strongly affect the rate of metal
reaction and oxide re-formation.
Methods of test. The relative abrasiveness of slurries may be determined
in a laboratory jet-impingement test device developed by McBride [105]
in which a slurry spray is jetted against a thin metal strip and penetration
time noted.
To obtain accurate slurry corrosion data, toroids, pump loops, and inpile autoclaves have been used for high-temperature tests with aqueous
slurries. This equipment is described in Section 5-2.
In toroid tests, information is obtained as to corrosion rate of several
metals, slurry particle degradation, and qualitative slurry handling characteristics by examination of metal pin specimens and analysis of the withdrawn slurry.
In pump loops, a larger amount of quantitative information is obtained
at several different velocities and flow patterns from an examination of
loop components, as well as specimens. Generalized incremental loop corrosion rates and slurry properties are obtained at suitable intervals from
analysis of withdrawn samples.
By use of rocking in-pile autoclaves, tests at negligible flow velocities
have been made at neutron fluxes approaching 1013 to evaluate corrosion
rates and rates of production and recombination of radiolytic gas.
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5--11

THE ATTACK OF VARIOUS MATERIALS BY

1600°C-

FIRED THORIUM OXIDE SLURRY (PUMP-LOOP TESTS)

Loop-piping generalized corrosion rate except pump: 0.9 mpy
at""' 10 fps. Pump-impeller (7.8 in. dia) wt. loss: 27 g at 90 fps
(50-100 mil rim pits)
Pin-specimen corrosion rai,es, mpy:

Velocity
Austenitic stainless steels
Titanium alloys
Zircaloy-2
Gold
Platinum

20fps

40fps

2
2
0.1
0.2
1

25
6

1
4
12

5-7.2 Slurry materials. Uranium dioxide. Uranium-dioxide slurry and
quartz slurries were tested in small-scale loops and spinning cylinder systems in the early days of the Manhattan Project. It was observed [106107] that erosion was proportional to the square or cube of the velocity,
varied strongly with particle size, decreased with time as particle size
degradation took place, and exhibited a constant ratio for different materials under the same conditions. Uranium dioxide has a Moh scale hardness of 6.1 [108] and to a certain extent would be expected to resemble
thoria under a hydrogen atmosphere, as described later.
Uranium trioxide. The attack of stainless steel pump-loop components
by uranium trioxide slurries at 250°C was essentially nil in tests extended
for thousands of hours, even on pump impellers with a tip velocity of
120 fps [109]. The lack of attack by circulating uranium trioxide slurries
under conditions in which impingement certainly occurred is attributed
to the relative softness of the uranium trioxide particles.
Thorium oxide. The major portion of studies on corrosion-erosion
characteristics of high-temperature aqueous slurries has been carried out
using thorium oxide [110-111]. Most preparations have used the calcination product of thorium oxalate precipitated under various conditions,
with calcination temperatures from 450 to 1600°0 having been used.
Thoria prepared by other procedures, such as formate precipitation, has
also been examined. Thoria calcined at temperatures in the vicinity of
1600°0 has low surface area, crystallite sizes approaching particle size, less
tendency to degrade, and exhibits a greater tendency to produce abrasive
sintered particles; consequently, certain of such thoria products have been
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5-12

REDUCTION IN TuoRIUM OxrnE SLURRY
CORROSION BY PARTICLE SIZE CONTROL

(Pump-loop tests on same batch)

Temperature, °C
Duration, hr
Concentration, g Th/kg H20
Atmosphere
pH (slurry, 25°C)
Thoria calcination temperature, °C
Particle size
Average,µ
Maximum
Average crystallite size (x-ray), µ
Specific surface (N 2adsorption), m 2/g
Loop-piping generalized corrosion
rate, mpy
Pump-impeller (7.8 in. dia) wt. loss, g

Unclassified

Classified

200
5
443
02
7.5
1600

280
309
323
02
5.5
1600

1.3
283 > 10 µ
> 0.25
1. 2
63

1. 7
23> 5µ
> 0.25
1. 7
1.5

11

1.5

I

Pin-specimen corrosion rates, mpy

Velocity

25fps

40fps

22jps

44fps

Austenitic stainless steels
Ferritic stainless steel
Titanium alloys
Zirconium alloys
Gold
Platinum

27-57
34-110
63
8-97
120
96

150-320
120-180
240
310-700
630
650

0.8
1
0.5
0
0
0.5

8
4
4
1
2
7

classified, using sedimentation procedures, to remove unduly large particles.
Thoria calcined at 650 to 900°C because of its properties was considerably
degraded by continued pumping and was reported [112] to show greatly
reduced corrosion rates as this occurred.
The hardness of thoria minerals has been reported as 6.5 on the Moh
scale. The hardness of thoria densified with 0.53 CaO is 6.8 [113], and
laboratory preparations of thoria have been observed with hardness greater
than 7. The hardness of many mineral oxides, of a composition similar to
the protective film on metals, lies between 6 and 6.5. However, sapphire
attacked by high-temperature aqueous thoria slurry has a hardness of 9.
To evaluate materials under conditions expected for a reactor, pin speci-
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TABLE 5-13
COMPARATIVE PIN-CORROSION RATES AND PARTICLE DEGRADATION
AT 300° C; SAME THORIA BATCH (THORIUM OXALATE CALCINED
AT 800° C), OXYGEN ATMOSPHERE, PUMP-LOOP TESTS
Thoria

Un pumped

Unpumped

Prev. pumped

Hours
g Th/kg H20 (avg.)
fps

49
543
11 21

301
348
10 22 41

266
346
13 22 43

41

Corrosion rate, mpy
Gold
Zircaloy-2
Titanium
Stainless steel
Loop

0.4 0.4 4
0.1 1
6
1
4
9
21
3
7
4.5

0.1
0.1
0.2
1

0.1
0.1
2
3
1.5

0.6
2
6
8

0.03 0.08 0.9
1
0
0
1
0.1
5
0.5 0.5 3
0.8

Particle-size distribution, w / o
Size,µ
0 hr
5 hr
30 hr
Final

>3 1-3 <l
-48 - 27 - 25
25 67
8
5 21 74
-

-

-

>3
59
-

7
3

1-3 <1
26 15
-

-

25
32

69
65

>3
3

-

7
2

1-3 <1
32 65

-

-

-

28
21

65
77

mens of various materials were exposed for 1000 hr to a slurry of 1500 g
Th/kg H 2 0 at 280°C in a pump loop pressurized with steam plus
200 psi 0 2 • The 1600°C-calcined thoria had an average particle size of
1.7 microns, with 33 of the particles greater than 3 microns, and the
slurry had a pH of 5.8 measured at 25°C. The results of the test are summarized in Table 5-11.

5-7.3 Effect of slurry characteristics. Particle size. Two effects relating
to particle size have been distinguished. These are the effects of largeness
of particles and of particle degradation, Large particles cause erosioncorrosion. This is in agreement with the impingement model of slurry
attack. Tables 5-12 and 5-13 show comparisons of pump-loop corrosion
tests in ·which, in the respective tables, the larger-particle-size slurry shows
more aggressive attack.
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The removal of large sintered particles resulted in a substantial reduction in corrosion rate for all materials in the tests shown in Table 5-12.
This effect for thoria produced by high-temperature calcination was sufficient to justify including similar classification in the regular production
procedure. Particles of large crystallite size (> 0.25 micron) from which
the sintered particles had been removed by classification were shown to
produce comparatively low corrosion rates. Particles composed of large
crystallites are not much degraded by continued circulation, and consequently corrosion rates do not diminish much with time.
Low-crystallite-size materials (calcined at relatively low temperatures,
e.g., 800°C) become degraded as circulation proceeds, and aggressiveness
is diminished. Thus, a shorter test showed a higher rate of corrosion, and
a test using previously pumped material showed a lower rate of attack.
This, and the change of particle size with time, is illustrated in Table 5-13.
Effect of calcination temperature. The major effect of increased calcination temperature is to cause growth of larger crystallites, and under adverse circumstances, sintered particles. Sintered particles, of course, would
cause increased attack. However, unless sintering occurred, particles have
not appeared to increase in size on caJcination. At constant particle size,
calcination temperature has not exhibited a direct effect on corrosion
rate. Indirectly, lower calcination temperatures result in lower crystallite
sizes and particles may be more readily degraded to smaller, less erosive
sizes. Table ·5-14 illustrates these points [114]. Except for the unaccountably increased attack by material calcined at 800°C, there appears
to be no general effect of calcination temperature on attack rates in these
short-term tests. It is also noted that the material calcined at higher temperatures is less degraded. In longer tests this would be expected to result
in maintaining the original corrosion rate, rather than resulting in a decrease in rate when the particle size becomes smaller.
As crystallite size becomes larger, surface area is reduced. This reduces
the adsorptive capacity of the thoria and thus influences the action of additives on corrosion. Handling properties are also changed.
Effect of concentration. In general, corrosion-erosion by slurries has been
observed to increase with concentration [115-116], and roughly is indicated to be directly proportional to concentration, in concentration ranges
of reactor interest. As concentration is incrf)ased, the effect of rheological
properties on flow characteristics becomes more pronounced, and the effect
on corrosion would become altered.
Effect of atmosphere. It is possible to distinguish between the effects of
different atmospheres resulting from high oxygen concentration, low oxygen concentration, dissolved hydrogen, or other dissolved gases.
High oxygen concentration [117-119] in pump loop and toroid tests has
appeared to result in less aggressive attack on type-347 stainless steel than
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5-14

EFFECT OF THORIA CALCINATION TEMPERATURE ON
SLURRY CORROSION AND PARTICLE DEGRADATION AT
VARIOUS CIRCULATION VELOCITIES

Th0 2 from thorium oxalate.
Avg. dia., 2.6 µafter calcination.
1000 g Th/kg water.

Circulation
velocity,
fps

5

15

26

Maximum
calcination
temperature,

oc

250°C, toroid tests.
100 psi oxygen.
Test duration: 100-300 hr.
Average
diameter
after
circulation,
µ

Average attack rate, mpy

347 SS

Ti

Zr-2

+
+

-

650
800
1200

1.2
1.5
2.2

0.4
0.8
0.4

0.4
1.0
0.6

650
800
1200
1600

0.8
1.0
1.3
2.1

5
4
3
4

2
6
4
2

-

650
800
1000
1200
1400
1600

0.7
0.6
1.1
1.0
1.0
1.2

7
14
7
9
8
7

4
16
3
6
6
6

3
4
3
3
2
3

4
0.2
1

Average attack rates at given velocity:
5
15
26

0.6
4
8

0.8
3
8

+
2
3

tests which used no added oxygen. Oxygen concentrations of 250 ppm
(160 cc/kg H20) appear sufficient to protect stainless steel. Toroid tests
[120] in which the oxygen was consumed resulted in more aggressive
attack of this metal. Corrosion products were black rather than tan-brown
in color and were found to contain Fea04. In systems having hydrogen
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atmosphere, stainless steel was attacked somewhat (perhaps threefold)
more aggressively than in the presence of sufficient oxygen.
These data are presumably valid also for ferritic and martensitic stainless steels.
The corrosion resistance of carbon steel is improved under hydrogen
atmosphere. Rates in some cases have approached those observed for
stainless steels in the same experiment. Less localized attack is noted
under hydrogen atmosphere.
Titanium appears to be equally corrosion resistant in oxygenated and
hydrogenated systems, provided the slurry is not strongly alkaline. At
150°C titanium is more readily abraded by slurry with hydrogen atmosphere. In alkaline systems with hydrogen atmosphere, a very aggressive
attack has been noted, as would be anticipated from the interpretation of
Schmets and Pourbaix [121].
Zirconium alloys appear to be little affected by atmosphere. They are
possibly more easily abraded under hydrogen atmosphere.
Nickel alloys and also Stellites appear, in agreement with Douglas [122],
to be substantially more corrosion resistant under hydrogen atmosphere,
and several nickel alloys have appeared to be more resistant than stainless
steel when exposed with it in experiments under hydrogen atmosphere.
The nature of the atmosphere also affects the oxidation state and solubility of certain corrosion products and through these may affect the
properties of the slurry. Under an oxygen atmosphere iron exists as Fe 2 0 3,
and chromium as soluble, acidic Cr03. Under hydrogen atmosphere, iron
is in the form of Fe304, and chromium is insoluble Cr 2 0 3.
Effect of additives. Additives include the unavoidable corrosion products
and fission products; the necessary, or difficultly avoidable, recombination
catalysts; uranium inclusions in the particle and certain impurities; and
optional materials added to modify the properties of the slurry.
Corrosion products have not been observed to affect the course of corrosion in oxygenated systems, although they have built up to levels of a
few grams per liter in certain lengthy tests. Soluble chromic acid may
affect the corrosion rate of such material as carbon steel. No experimental
results are available on the effect of fission products.
Molybdenum oxide (a potential recombination catalyst) has shown a
mild corrosion-inhibiting action. Uranium inclusions in the thoria have not
been found to increase corrosion rates. Certain impurities, i.e., carbonate
and sulfate carried through the production process, have not been found to
affect corrosion rates except when added in large quantity, as described
below. Chloride, which can cause stress-corrosion cracking of stainless
steel, is undesirable in any quantity, as is fluoride.
Certain materials have been found to impart desirable handling properties to slurries at lower temperatures and have been of interest to test at
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higher temperatures (e.g., 280°C). These have included sulfates (thorium,
sodium, calcium, hydrogen), phosphates (sodium monobasic, dibasic,
tribasic, pyro-), silicates (sodium meta- and more acid compositions), and
fluorides (thorium). In general it has been found that additives imparting
acidity [e.g., H2S04, Th(S04)2] tend to attack ferrous-based materials,
especially under low oxygen or reducing atmosphere. There is less effect
of moderate concentrations with oxygen atmospheres. Alkaline materials
tend to increase attack of titanium under reducing atmosphere and to
affect the performance of other metals. Complexing or reacting additives
(e.g., alkaline phosphate with titanium, fluorides with zirconium) tend to
destroy protective films and thereby increase attack rates.
All soluble ionic additives appear initially to be adsorbed on the thoria
surface. Their effect on corrosion is much greater after surface capacity is
exceeded. Surface capacity varies with different thoria preparations, primarily with surface area.

5-7.4 Effect of operation conditions. Flow velocity is a very important
factor in corrosion by slurries. Corrosion rate appears to be approximately
proportional to the square of velocity at moderate velocities and possibly
to a somewhat higher power at higher velocities. The effect of velocity is
shown in Table 5-14 and in Table 5-15.
In addition to increasing regularly with velocity, greater attack in
entrance regions and at the highest velocities was noted. The more severe
attack on cylindrical pins is attributed to greater turbulence effects for
this shape.
Velocity effects are also shown on the pump impeller in Fig. 5-20.
Velocity increased radially from the hub, and attack was most severe at
the rim. However, the vanes and inner shroud surface were polished,
which indicates the importance of boundary-layer considerations in the
study of such effects.
Cavitation also may be an important factor in the high-velocity attack.
Attack on pump impellers has been found to be more severe in experiments
in which gas bubbles were believed to have been entrained in the slurry.
Erosion patterns similar to those observed by Shalnev [123] have been
found on pin-specimen-holder channel walls, with most severe points of
attack a few pin diameters downstream from a pin. Although this agrees
with Shalnev's observations, it is not clear whether the effect is due to
cavitation or simply high eddy density at this point.
Shape effects. The importance of shape effects in corrosion by flowing
slurries may be very great, and the most severe attack has been observed
to be a result of eddy erosion-corrosion associated with shape effects. The
attack in some cases has appeared to be self-accelerating as pits develop.
The importance of shape effects will depend strongly on velocity and also
on particle characteristics and chemical environment.
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EFFECT OF VELOCITY ON ATTACK OF DIFFERENT SHAPES

182-hr circulation at 300°C, 02, 517 g Th/kg H20
Thoria calcined 800°C
Stainless steel attack rate, mpy
Velocity,
fps

Flat coupon
Tapered channel

8
10

13
16
24
31
36
41
50
64

1 (entrance)
0.8
1
2
3
4
6
8
10

Straight channel

2

Cylindrical pins
across straight channel

5

9
21

50, pitted

Design considerations are quite important. Streamlining of all sensitive
parts and regions should be practiced to the maximum extent possible, in
order to avoid impingement or wake effects. Surface irregularities such as
rough finish, crevices, or protrusions should be avoided. The interior design of flow channels should be carefully considered in order to avoid impingement, flow separation, and wakes insofar as possible. Conditions conducive to cavitation should be avoided, since vigorous attack would be
anticipated under such conditions.
Temperature. In general, temperature effects are associated with the
reaction between water and the metal. Those materials most sensitive to
water corrosion (e.g., Stellites in oxygenated aqueous systems) exhibit
stronger temperature effects.
For many materials, corrosion rate has appeared to double for every
30 to 60°C increase in temperature.
Time. Changes in attack rate with time generally are not observed after
the slurry has reached its equilibrium condition. Until this condition is
reached, the slurry particle size may be larger than its degradation minimum. Consequently, more aggressive attack is usually observed in the
early exposure period.
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Localized attack which created eddy erosion pits could become more
rapid as these pits developed.
Carbon steel has appeared in oxygenated systems to form its protective
film rather slowly. Diminishing attack rates were observed over a period
of at least 700 hr.

5-7.5 Radiation. Autoclave tests. Data are available [124] on the attack of Zircaloy-2 under radiation by thoria slurries in gently agitated
autoclaves. No radiation data are available under flow conditions. Comparison of unirradiated control experiments with tests conducted in a reactor radiation field having a slow-neutron flux of 0.5 to 1.0 X 10 13 have
indicated that both experiments had an initial rate of approximately 1 mpy
with thoria slurries in D 2 0 at 280°C (oxygenated). However, no reduction
in rate with time was noted under radiation, while the rate decreased significantly with time in a longer unirradiated control. Similar results were
obtained on pure DzO under radiation. Inclusion of enriched uranium in
a thoria preparation permitted an experiment in which a fission power
density of 0.5 to 1 watt/ml was achieved. Only a slight increase in rate,
several tenths of a mill per year, was noted as a result under these conditions.
If radiation affects the protective oxide film, it is likely that more severe
effects will be observed in the presence of radiation with slurry under
sufficiently vigorous flow conditions.
5-8.

HOMOGENEOUS REACTOR METALLURGY*

5-8.1 Introduction. Although many other materials are used for special
applications in homogeneous reactors, in the following section only zirconium, titanium, austenitic stainless steels, and pressure-vessel steel are
considered.
Zircaloy-2 (I.53 Sn, 0.13 Fe, 0.13 Cr, 0.0053 Ni) used in the present
reactors is the only commercially available zirconium alloy. It is a singlephase alloy with moderately good mechanical properties, is not heat
treatable, and is stable under operating conditions.
Of the possible types of titanium and its alloys commercially available
in the United States, only unalloyed titanium and one alpha alloy
A-llOAT (5.03 Al, 2.53 Sn) are satisfactory for homogeneous reactor
applications. Beta alloys are not yet available and alpha-beta alloys, often
structurally unstable under high stress and high temperature, cannot be
welded without subsequent heat treatment. Although A-llOAT has high
strength and is stable and weldable, it is unavailable as pipe or tubing and
*By G. M. Adamson.
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is difficult to fabricate. For such applications, so called "unalloyed"
titanium (A--40 and A-55) is used. These high-purity grades are readily
weldable in contrast to the stronger grades, are stable, and are available
in all forms. Their disadvantage is their low strength at elevated temperatures which, except as linings, makes their use for large high-pressure,
high-temperature equipment doubtful. Extensive use of titanium for
homogeneous reactor use will probably depend upon the eventual development of a fabricable high-strength alpha alloy.
The pressure vessel for HRE-2 is constructed of A-212 grade B steel
clad with 347 stainless steel. The serious possibility of radiation damage is
the most important metallurgical limitation of this material. This problem
is discussed in Article 5-8.8.
5-8.2 Fabrication and morphology of Zircaloy-2. When work was started
on the HRE-2 core tank, very little was known about the physical metallurgy and fabrication of zirconium alloys. A procedure was available for the
fabrication of zirconium fuel elements, but the variables of fabrication had
not been investigated in detail. Since this core tank was a vital portion of
the reactor system and was needed early in order to proceed with the
pressure-vessel fabrication, it was built to a time schedule that permitted
only a limited amount of development work. As a result, much of the
present-day understanding of the physical metallurgy of Zircaloy-2 was
not obtained in time to be used. During the development work for the tank,
many variations were found in the available Zircaloy-2 plate. These
included variations in mechanical properties, in bend radii, and in the
amount of laminations and stringers.
Fabrication practice for the core-tank plate was based upon procedures
developed by Westinghouse Atomic Power Division [125], but modified
by increased cross-rolling to reduce the preferred orientation. The fabrication procedure for the core tank* is discussed in detail in Refs. 126 and 127.
This procedure resulted in the fine-grained, equiaxed, but oriented structure shown by the anodized sample [128] in Fig. 5-21. Two disadvantages
of this material were the stringers found in the structure and the preferred
orientation as shown by uneven extinction in rotation in polarized light.
Since it was suspected that the stringers were responsible for some of
the variation in mechanical properties, they were examined in considerable
detail in the morphological study. The two types of stringers prevalent in
Zircaloy-2 are an interrµetallic stringer, usually found in the alpha grain

*(1) Double arc melting, (2) forging to a billet, starting at 850°C, (3) cross rolling
50% to plate, starting at 850°C, (4) straight rolling to finished plate, starting at
770°C, (5) press in one or more steps to the desired shape, at 400-650°C, (6) heat
to 650°C, cool slowly in die, (7) weld subsections, and (8) repeat (6).
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Plate 3 (Present Practice)

Fm. 5-21. Microstructures of as-received Zircaloy-2 plates fabricated by different schedules. Chemically polished, anodized, polarized light, 500 X.

boundaries, as shown in Fig. 5-21, and an elongated void within the grains,
caused by trapped gases. The latter type was found rarely in HRE-2 coretank metal, but a small one may be noted in the photomicrograph of the
developed material. This type may be largely eliminated by vacuum
melting of the original ingots. It has been determined that the intermetallic
stringers were formed during fabrication. While the upper fabrication
temperature of 850°0 was thought to have been in the all-alpha region,
this is now known to be in error. The correct temperature for the alpha
to alpha-plus-beta transition is 810°0 and that for the beta to beta-plusalpha transition is 970°0 [129]. These temperatures will vary slightly with
ingot composition. Holding at a temperature just above the lower boundary
of the two-phase region resulted in the presence of small amounts of beta in
the grain comers. By quenching samples held at 840°0, it was shown that
approximately 153 of the material had been beta phase at that temperature and that the beta phase had been present in the grain corners.
Iron, nickel, and chromium are beta stabilizers and will partition to the
beta phase, which will be strung out during rolling. On cooling, the beta
phase decomposes, precipitating the alpha zirconium on the neighboring
grains and leaving the intermetallics in the grain boundaries. These intermetallic stringers will dissolve .on reheating to 1000°0 while the stringers
formed by the trapped gases will not.
While mechanical property tests of the core-tank material (see Article
5-8.3) indicated uniform properties in the longitudinal and transverse
directions, it was noted that the fractures were not round but were oval,
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Fm. 5-22. Inverse pole figures from HRT core tank Zircaloy-2 before and
after refabrication. Solid lines as-received, dotted lines after refabrication.

indicating anisotropic properties. This was confirmed by a polarized-light
examination. The actual orientation of the material was determined using
a special x-ray diffraction technique [130], with the data being reported in
the form of inverse pole figures [131] shown in Fig. 5-22. Since variations
were found in the intensity of the pole concentrations, it is evident that
the core-tank plate had preferred orientation in all three directions.
Quantitative calculations indicated that the plate had adequate ductility
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and nearly isotropic properties in the rolling plane but very little ductility
in the normal direction to the plate, since in this direction few deformation
systems were available for slip or twinning.
To improve the quality of Zircaloy-2 and to predict what structures
would be encountered in weldments, a study of the effect of heat treatment
and fabrication practice was initiated. Representative photomicrographs
of structures resulting from these studies are presented in Fig. 5-23. The
fine "basket-weave" alpha structure observed in beta-quenched samples
appeared to offer the most likely starting point. Recrystallization of this
structure by annealing at temperatures between 700 and 800°C resulted
in the formation of very large alpha grains, without stringers or intermetallic precipitates. Cold-working of the "basket-weave" structure, 15%
or less before annealing, also resulted in the production of large grains;
however, if the amount of cold-working exceeded 20%, improvement in the
form of fine grains (ASTM 6 to 8) with a more nearly random structure
resulted.
Scrap from the core-tank plate was heat treated by beta quenching, coldworked 20%, and alpha annealed. The diffraction results after this treatment are also shown on the diagrams in Fig. 5-22. The intensity of the
peaks has been decreased by a factor of two and the peaks shifted 20 deg
from the original position. These changes indicate an increase in ductility in the normal direction.
The results of the morphological study were used to outline an improved
fabrication schedule for Zircaloy-2 [132]. This schedule* has been used
successfully by commercial fabricators while more complete fabrication
studies are being made. The material obtained from this procedure has a
microstructure such as that shown in Fig. 5-21. It is essentially free of
stringers, contains little or no intermetallic precipitate, and has small
equiaxed grains with essentially a random orientation as seen under polarized light.

5-8.3 Mechanical properties of zirconium and titanium. The use of
titanium and zirconium for pressure-containing equipment is complicated
by the fact that both metals are hexagonal, rather than cubic, making
preferred orientation a severe problem. The larger variations of mechanical
properties with crystal orientation make it difficult to achieve the uniformity in all directions which is desirable in a pressure vessel. In addition,
the determination of the mechanical properties of hexagonal metals, using
standard tests developed for cubic metals, is questionable because the suita*(1) Vacuum arc melt, (2) forge at 970-1050°0, (3) roll at 500-785°0, (4) heat
to 1000°0 and water quench or fast air cool, (5) roll 25% at 480-540°0, and (6) anneal at 760-790°0 and water quench.
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(a) Beta Quenched + 1000°C 30 min
Water Quenched

(b) Beta Quenched +Annealed 800°C 15 min

(c) Beta Quenched + Cold Worked 10%,
Annealed 800°C 15 min

(d) Beta Quenched +Cold Worked 20%,
Annealed 800°C 15 min

Fm. 5-23. Microstructure of heat-treated Zircaloy-2. Chemically polished, anodized, polarized light, 100 X.

bility of such tests and the correct interpretation of results have n~t been
demonstrated.
Zirconium. The anisotropy of Zircaloy-2 is not defined by the usual
tensile test data, given in Table 5-16. Tensile data from both longitudinal
and transverse subsize specimens cut from plates fabricated by various
procedures are given in this table. With the exception of the commercial
plate, the difference in tensile strengths both at room temperature and
300°C are within the experimental limits. Anisotropy in the material is
illustrated, however, by the three columns which tabulate the percentage
reduction in length of both the major and minor axes of the elliptical

TABLE

5-16

TENSILE PROPERTIES OF ZrncALOY-2

Percentage reduction
Plate*
source

Specimen
direction

Ultimate
strength,
psi

Yield
strength,
psi

Elongation,

3

Area

Long. or
trans.
direction

Normal
direction

Isotropic
ratio,
long./normal

Room temperature

Core Tank

Long.
Trans.

61400
63300

52300
59000

30.7
24.5

60.6
62.1

56.6
57.8

10.0
10.0

5.7
5.8

Commercial

Long.
Trans.

64900
69000

54800
58300

31.1
25.8

47.7
43.3

45.5
40.6

4.4
3.3

10.4
13.7

Experimental

Long.
Trans.

73200
75200

63300
59400

31.0
29.1

46.4
44.0

35.5
28.4

16.7
21.6

2.1
1.3

Long.
Trans.

73800
74200

66400
48400

32.2
32.7

46.0
44.3

37.2
25.5

14.4
25.5

2.6
1.0

1
Experimental

2

TABLE

5-16

(CONTINUED)

Percentage reduction
Plate*
source

Specimen
direction

IDtimate
strength,
psi

Yield
strength,
psi

Elongation,

3

Area

Long. or
trans.
direction

Normal
direction

Isotropic
ratio,
long/normal

300°C

Core Tank

Long.
Trans.

28400
32200

22200
29600

38.8
27.9

77.6
76.2

68.9
71.1

27.2
17.8

2.5
4.0

Commercial

Long.
Trans.

32600
29300

25500
21200

35.5
29.3

43.5
68.4

38.4
65.5

7.8
13.3

4.9
4.9

Experimental

Long.
Trans.

38600
37600

31400
29000

30.4
31.5

64.5
61.5

52.2
43.8

24.4
31.6

2.1
1.4

Long.
Trans.

32800
35000

27800
25100

32.9
32.1

76.5
68.7

63.3
48.3

35.5
39.4

1.8
1. 2

1
Experimental

2

*Core tank: scrap material from HRE-2 core-tank fabrication; see Article 5-8.2.
Commercial plate: commercial plate similar to above but only straight rolled.
Experimental plate 1: fabricated commercially by developed procedure in Article 5-8.2, except inert-gas melted.
Experimental plate 2: same plate as item 3 but refabricated in laboratory using same procedure.
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fracture and the ratio between them. In isotropic material the percentage
reduction would be the same in both directions and the ratio would therefore be one. As shown, some reduction in anisotropy was obtained by the
use of the developed procedure described previously.
Anisotropy of these materials may also be shown by V-notch Charpy
impact tests. Since size effects are known to be critical in this type test,
standard size specimens were used, thereby eliminating the thin core tank
plate. Charpy V impact energy curves obtained with specimens and notches
cut from various orientations from commercial plate and from a plate
fabricated by the developed procedure are shown in Fig. 5-24 [133].
Differences in both the energy values and transition temperatures are
apparent for the various orientations. These differences are reduced by the
developed fabrication procedure.
With Zircaloy-2 the fracture appearance of the impact samples was not
obviously indicative of the properties, as with steels. Shear lips, which are
normally a mark of a ductile fracture, were found on samples from some
orientations regardless of breaking temperature, but on specimens from
other orientations from the same plate, shear lips were not found at any
temperature.
The effects of notches and cracks in zirconium were studied using the
drop-weight test as developed for steels by Pellini and others [134] at the
Naval Research Laboratories. This test determines the highest temperature at which a crack will propagate through a specimen undergoing limited
deformation. For steels this temperature is distinct and reproducible and
has been labeled the NDT (nil ductility transition) temperature. Commercial Zircaloy-2 showed surprisingly good properties from this test.
The NDT temperature was -160°C for the longitudinal direction and between -100 and -150°C for the transverse direction. However, contrary
to the definition, when the fracture faces were examined, shear lips were
found even at very low temperatures. The NDT temperature was well
below the lower break in the Charpy V impact curve on the fiat portion
of the curve.
Titanium. Data available from manufacturers on the mechanical properties of titanium are generally adequate for present limited uses.
The NDT temperature for A-55 titanium was measured at ORNL on
several plates and found to be below -200°C. Incomplete fractures were
found at this temperature for both longitudinal and transverse specimens.
As a portion of the brittle fracture study a plate of A-70 titanium containing 400 ppm of hydrogen was tested. The results from this plate gave
impact curves that were not affected by orientation and had a sharp
break similar to steels. The NDT temperature for this brittle plate was
100°C and was located at the lower break of the impact curve. With this
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Fm. 5-24. Impact energy curves for Zircaloy-2 fabricated by two techniques.

material, the transition region appears to be a function of hydrogen solution
in the alloy.
Irradiated metals. In spite of the many questions that have been raised
about the adequacy of mechanical property tests for hexagonal metals, the
difficulties of which are magnified in testing irradiated samples, some mechanical property tests of irradiated samples have been attempted. Subsize
tensile and impact specimens of Zircaloy-2, crystal-bar zirconium, and
A-40 titanium have been irradiated in fissioning uranyl-sulfate solution,
in in-pile corrosion loops, at temperatures of 250 to 280°C, to total fast
fluxes (> 1 Mev) of up to 3 X 1019 nvt for zirconium and 1019 for titanium
[133]. Zirconium appears to be resistant to radiation damage under these
conditions. The only changes noted have been small changes in yield point.
Titanium seems to undergo some embrittlement. The tensile and yield
strengths for titanium increased while the reduction in area decreased. The
changes were by about 103 of the unirradiated values.
5-8.4 Welding of titanium and zirconium. The welding of titanium and
zirconium and their alloys is complicated by the fact that at elevated
temperatures they will react to form brittle alloys with oxygen, nitrogen,
hydrogen, water vapor, and carbon dioxide. Successful welding is, therefore,
dependent upon protecting the molten metal and adjacent area from all
contaminants. Prior to the construction of the HRE-2 core tank, the only
method used for welding zirconium was fusion welding, with the necessary
protection achieved by conducting the operations inside inert-atmosphere
boxes [135]. The use of 5/16- and 3/8-in. plate for the HRE-2 core required

272

INTEGRITY OF METALS IN HOMOGENEOUS REACTORS

[CHAP.

5

Fm. 5-25. Typical setup of HRE-2 core tank Zircaloy-2 weldment.

Milled from 5/32-in. Diameter Zr-2 Wire

Zircaloy~2

Trailer Weldment

+10

r---60°_ 0 ~

',-------;~1/4-;n.,7:[]

0.251 in.
to

0.750 in.

L
0.020-0.025 ;n.

-I

l-o-1/32 ;n.

Titanium Air Weldment

Fm. 5-26. Joint configuration for HRE-2 core tank Zircaloy-2 trailer and titanium air weldments.
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the development of multipass welding techniques, while the large size of
the vessel made the use of atmosphere boxes impractical.
In a joint effort, the Newport News Shipbuilding & Dry Dock Company
and Oak Ridge National Laboratory developed a machine for multipass
welding of Zircaloy-2 in which the face protection was achieved by the use
of trailers attached to the torch [127]. Root protection was achieved either
by special backup devices or, where possible, by purging closed systems.
In this device, a standard Heliarc torch was mounted on a small metal box,
or trailer, Fig. 5-25. Both the method of supporting the trailer and its
shape were varied with the configuration of the part being welded. The
underside of the trailer was open and the lower edges of the sides were contoured to closely match the shape of the part being welded. Inert gas was
distributed through the box by internal copper tubes along both sides.
For all these welds, the torch and trailer were held fixed by a device which
positioned the torch and spring loaded it against the work. The work
pieces were moved under the torch, which remained fixed in a vertical position. The welding, with all the necessary adjustments and controls, required two operators.
The joint configuration of a typical Zircaloy-2 weld is shown in Fig. 5-26.
All root passes were made using the preplaced insert which had been
machined from swaged Zircaloy-2 wire. The inserts were tacked into place
with a hand torch before the machine welding was started. The first filler
metal pass was made with either 3/32- or 1/8-in. wire and all others with
1/8-in. Careful wire brushing with a stainless steel brush was required after
every pass. Welding details for a typical joint are tabulated in Table
5-17; detailed procedures are given in Ref. 27.
In both this work and that which subsequently developed out of it, one
of the major problems has been to determine the quality of the weld. Welds
were examined visually, with liquid penetrants, and usually with radiography; however, none of these provided information about the degree of
contamination. Measurement of the average microhardness of a prepared
sample has proved to be an acceptable and sensitive indication of contamination. While this is a destructive test, it has been adopted as a standard
test for this work. In the actual production welding, reliance had to be
placed upon the strict adherence to procedures previously shown to be
satisfactory by the destructive tests. Average hardnesses of over 500 DPH
(diamond pyramid hardness) are found in lightly contaminated welds
and increase to approximately a thousand diamond pyramid hardness
numbers in contaminated metal. With this welding procedure average
hardnesses of less than 200 DPH were consistently obtained. The absence
of contamination was confirmed by vacuum fusion analyses of weld sections.
Although this welding procedure was slow and awkward, it was used
successfully for the fabrication of the HRE-2 core tank. Many satis-
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TABLE 5-17
SUMMARY OF CONDITIONS FOR MAKING
TITANIUM AND ZIRCONIUM WELDMENTS

Current, de, single phase, amp
Tacks
Root pass
Filler pass (2)
Other filler passes
Voltage
Filler wire
Welding speed, in/min
Gas flow, cfh
Torch
Backup helium
First pass
Others
Trailer helium

Zircaloy-2
core tank

Titanium

80-100
110
150
185
19-23
1/8"
4-6

40-55
35-50
35-90
60-90
10-16
3/32"
1-2

40, helium

10-18, argon

40
75
65

30-60
30-60

-

factory multipass welds were completed in the assembly of the Zircaloy-2
tank.
Construction of a titanium circulating system for a homogeneous reactor
requires many welds of all sizes, some of which must be made in place.
While the procedure discussed above for zirconium can also be used for
titanium, it is impractical for field welding of equipment and piping of
varying sizes and shapes.
It has been found possible to make acceptable weldments in unalloyed
titanium using only conventional tungsten, inert gas, arc-welding equipment [136]. By welding an A-55 base plate (average hardness of about
160 DPH for the annealed plate) with a filler rod of A-40, it is possible to
consistently obtain welds with average hardnesses of less than 190 DPH
(10 kg) for plates 1/4-in. and less in thickness. Hardnesses of less than
220 DPH are achieved for heavier plates requiring more passes. On the
basis of tensile and bend tests, a hardness as high as 240 DPH would be
acceptable.
The recommended conditions and configuration for a typical titanium
weldment are shown in Fig. 5-26 and Table 5-17. A comparison of the
recommended joint design and welding conditions for air welding of titanium with those used for trailer welding of Zircaloy-2 or for welding of
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austenitic stainless steels shows an obvious trend to lower heat inputs and
the use of small molten pools. The reduced size and temperature of the
pool minimizes the possibilities of contamination during welding and also
permits more rapid cooling after the weld is completed. These changes
reduce the welding speed and thereby make this a precision welding method
rather than a high-speed production procedure. Details of the procedure,
including a comparison with welds made in atmosphere boxes, a discussion
of adequate inert gas coverage, and the use of surface discoloration as an
inspection method, are given in Ref. 136. In an effort to simplify and make
more versatile the procedures used for welding Zircaloy-2 an attempt was
made to adopt the inert gas procedures successfully developed for titanium.
Under similar conditions it was, however, found to be more difficult to
prevent contamination in Zircaloy-2 than it had been with titanium. Where
multipass welds in titanium had resulted in hardness increases of 20 to 30
DPH numbers, similar welds in Zircaloy-2 increased by 50 to 100 numbers.
It was also necessary to increase the radius used on the bend tests of the
weldments from twice the plate thickness with titanium to four times the
thickness with Zircaloy, primarily because of the lower ductility of the
base metal. While multipass welds of this quality would be acceptable for
many applications, additional improvement will be necessary to make them
generally acceptable.
5-8.5 Combustion of zirconium and titanium. After several equipment
failures in which evidences of melted titanium were found under operating
temperatures not exceeding 250°C, a study of the ignition and combustion
of titanium and zirconium was started. This work has been done by Stanford Research Institute under the direction of E. M. Kinderman [137].
Two types of tests were developed for studying the ignition reactions;
in one, a thin metal disk was fractured either by gas pressure or by a
plunger, while in the other, either a thin sheet or a 1/4-in. rod was broken
in a tensile manner. In either test, both the composition and pressure of the
atmosphere could be varied. With both types of tests, it proved to be
surprisingly easy to initiate combustion of titanium. Ignition and complete
consumption of both disks and rods occurred when titanium was ruptured,
even at room temperature, in a high pressure of pure oxygen.
The limiting conditions for the ignition of A-55 titanium varied with
the total pressure, the percentage of oxygen and the gas velocity. Under
dynamic conditions in pure oxygen, ignition occurred at total pressures as
low as 50 psi but with 50% oxygen the total pressure required was 700 psi
with the reaction curve becoming asymptotic with the pressure axis at
about 35% oxygen, showing no ignition would occur at any total pressure
with this or lower oxygen concentrations. The corresponding values for
static systems are 350 psi (100% 02), 1900 psi (50% 02), and 45% oxygen
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(no ignition at any pressure). Similar results were obtained whether the
oxygen was diluted with steam or with helium. In no case was a reaction
noted when samples were fractured under oxygenated water.
As might be expected, lower critical oxygen pressures were required for
the propagation of the combustion than for the ignition. If the molten
spot was formed by an external means, propagation and consumption of the
entire sample occurred with about 20% oxygen.
Because of the autoignition of titanium, various metals and alloys such
as stainless steel, aluminum, magnesium, iron, tantalum, columbium,
molybdenum, Zircaloy-2, and alloys of titanium were tested with oxygen
pressures up to 2000 psi. Only the titanium alloys and Zircaloy-2 reacted.
Within the limits of accuracy of these studies (±50 psi) no differences were
found in the behavior of the various titanium alloys.
While zirconium is similar to titanium in that autoignition can occur,
the critical oxygen pressures appear to be considerably higher. Whereas,
under dynamic conditions, titanium ignited with 50 psi oxygen, a zirconium
disk required 500 psi. Under static conditions a 0.015-in. thick strip of
titanium ignited at a pressure of 350 psi but a similar strip of zirconium
required 750 psi. A 1/4-in. titanium rod ignited under the same conditions
as the strip, but a zirconium rod did not ignite at 1500 psi oxygen.

5-8.6 Development of new zirconium alloys. An alloy development
program was started at ORNL to find a radiation-corrosion-resistant
zirconium-base alloy with satisfactory metallurgical properties. These
include weldability, strength, ductility, formability and stability.
A wide variety of binary zirconium alloys was exposed in autoclaves
and in in-pile loops to uranyl-sulfate solutions (see Section 5-5); however,
only alloys of zirconium with niobium, palladium, or platinum showed
greater corrosion resistance than Zircaloy-2. With the exception of the
phase diagrams and a few mechanical property tests on low-niobium alloys [138], no information on any of these systems was available in the
open literature. The few results for the mechanical property tests indicated
very brittle alloys.
Two phase diagrams for the zirconium-niobium system are in the literature [139,140]. A cursory check of the diagram by determining the eutectoid temperature and approximate composition confirmed the first of these
[139]. A few preliminary transformation specimens, with near-eutectoid
compositions, revealed complicated and embrittling transformation structures. Since the zirconium-niobium alloy system showed promise from a
corrosion viewpoint, these alloys with niobium contents varying from 2 to
33 w/o and many ternary alloys with small additions to the Zr-15Nb
base were studied with the objective of eliminating the undesirable properties. Information obtained includes the transformation kinetics and
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products, morphologies, in-pile corrosion resistance, fabrication techniques,
metallographic procedures, and some mechanical properties [141]. At
least three transformation reactions occur in the zirconium-niobium binary
system. The transformation sequence is quite complex, with the only
straightforward transformation being a eutectoidal transformation occurring close to the eutectoid temperature. The most troublesome transformation is the formation of an omega phase which occurs in beta-quenched
and reheated samples. Time-temperature-hardness studies for material
heat treated in this manner showed very high hardnesses in short times
with low temperature aging treatments. Aging times of three weeks did
not result in over-aging and softening of such material. This transformation
would make multipass welding of this material very difficult.
Because of the hardness and slow transformations of the binary zirconium-niobium alloys, ternary additions to the Zr-15Nb base of up to
5 w /o Mo, Pd, and Pt, up to 23 Fe, Ni, Cr, Al, Ag, V, Ta, and Th and
0.53 Cu have been studied. In general, the primary effects of the addition
of small amounts of the ternary substitutional alloying elements are the
lowering of the maximum temperature at which the hardening reaction
can occur, an increase in incubation time for the beginning of the hardening
reactions, a lowering of the temperature for the most rapid rate of hardening, and an increase in rate for the higher-temperature conventional
hypoeutectoid reaction [142]. Of the ternary additions, Fe, Ni, and Cr
have the least effect, Pt and Pd an intermediate effect, and Mo the largest.
The additions of Cu and Al drastically reduced the maximum temperature
at which the hardening transformation took place and reduced the
temperature at which the hardening transformation took place at the
maximum rate, but did not increase the incubation period for the reaction
sufficiently to prevent excessive hardening in the heat-affected zone of a
weldment. The addition of 5 w/o Ta to the Zr-15Nb base alloy resulted
in the formation of a completely martensitic structure on quenching from
the beta field, and the addition of oxygen by the use of sponge Zr resulted
in an increase in the rate of all transformations. The addition,of 23 Pd or
Pt to Zr-15Nb delays the hardening sufficiently to make welding possible;
however, it would be necessary to follow it by a stabilizing heat treatment.
Cursory fabrication studies have been performed during the course of
the alloy development program in the preparation of sheet specimens for
studies of the transformation kinetics [143]. All the Zr-Nb-X alloys have
been hot-rolled from 800°C quite successfully. A sponge-base Zr-15Nb arc
casting has been successfully extruded at 950°C to form rods. While the
fabrication techniques developed are adequate for the production of specimen material, they are not necessarily optimum for the commercial production of plate, sheet, bar, rod, and wire in these alloys.
An ultimate tensile strength of Zr-15Nb at room temperature of 200,000
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psi, with no elongation was obtained on specimens beta-quenched and
aged at 400°C for 2 hr. Similar specimens aged at 500°C for 2 weeks and
measured at room temperature had an ultimate strength of 150,000 psi,
a yield strength of 135,000 psi, and an elongation of 103. At 300°C this
material had an ultimate strength of 105,000 psi, a yield of 90,000 psi,
and an elongation of 163 in one inch.
While the Zr-15Nb base ternary alloys are still of interest primarily
for their potential improvement in corrosion resistance, they show promise
of a wider, general use as structural material. These are the first zirconium
alloys that may be heat-treated to high strength and yet are weldable and
fabricable.
5-8.7 Inspection of metals by nondestructive testing methods. Of the
several methods of nondestructive inspection, a visual examination, aided
by contrast dye or fluorescent penetrant, can be used to detect very fine surface cracks or other surface flaws [144]. Radiography with penetrating
radiation is used, especially for weldments, to inspect the interior of
materials [145]. Such tests are limited in that unfavorably oriented cracks
and laminations are very difficult to detect and the methods are slow and
expensive. Ultrasonic methods are not subject to the same limitations as
radiography. Defects which are oriented unfavorably for radiography are
often readily detected by pulse-echo ultrasonic inspection.
An immersed, pulse-echo, ultrasonic technique developed in the Nondestructive Test Development Laboratory for inspecting tubular products
[146] utilizes water as a coupling medium for the ultrasound. A very short
pulse of 5-megacycle ultrasonic energy is directed through the water and
into the wall of the tube under inspection. The tube is rotated while the
source of the ultrasound, a lithium-sulfate transducer, is moved along the
tube. The angle at which the sound is incident upon the tube wall is carefully adjusted, and echoes from defects are amplified and processed with
commercial equipment. This instrumentation includes an "A scan,"
which is a cathode-ray tube presentation of echo amplitude on a horizontal
time base, and a "B scan" which presents time on the vertical sweep, the
horizontal sweep representing the rotation of the tubing being inspected,
and the echo amplitude being indicated by brilliance. The "B scan"
presentation is used as a visual aid in the interpretation of the ultrasonic
reflections. These echoes are compared with the echoes from internal and
external notches of known depth in identical tubing in order to estimate
the depth of the flaw which causes the echo.
A remote ultrasonic technique is used to monitor the thickness of the
HRE-2 core vessel without the necessity for access to both sides of the
vessel wall. The method consists of introducing a swept-frequency beam
of ultrasound into the wall of the vessel, which is thereby induced into
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vibration at its resonant frequency and harmonics thereof. The resonances
are sensed by the exciting transducer, and the signals from the resonances
are amplified, processed, and displayed on a cathode-ray tube. In most
cases layers of corrosion products inside the vessel are not included in the
thickness measured and, therefore, the measurement represents the thickness of sound, uncorroded metal. However, a slight increase (3 to 6 mils) has
been noted in the tank thickness since it was installed and the reactor
operated. It is not known whether this is due to experimental inaccuracies,
to changes in the metal, or to the presence of scale.
Simple shapes such as small-diameter tubing can be tested very rapidly
by eddy-current methods. Such methods have been developed and used
at ORNL to identify and sort various metals, to determine the thickness
of clad or plated layers, to make rapid dimensional measurements of tubing,
and to detect flaws in thin metal sections. Because of the large number of
variables which affect eddy-current inspections, the results of these tests
must be very carefully evaluated [147].

5-8.8 Radiation effects in pressure vessel steels.* The fast-neutron
dose experienced by an aqueous homogeneous reactor pressure vessel
during its lifetime may be greater than 5 X 10 18 neutrons/cm 2 • Fastneutron doses of this magnitude are capable of causing significant changes
in the mechanical properties of pressure vessel steels, such as loss of tensile
ductility, rise in the ductile-brittle transition temperature, and loss of
energy absorption in the notch-impact test at temperatures at which the
irradiated steel is ductile.
For several years the Homogeneous Reactor Project has supported investigations of an exploratory nature to determine the influence of radiation
effects on pressure vessel steels [148, 149, 150]. Although it is not yet
possible to give definitive answers to many of the questions posed, it has
become apparent that radiation effects in steels depend upon a large number
of factors, and the unusual properties of irradiated metals may force a
reappraisal of the usual standards for predicting service performance from
mechanical property data.
Table 5-18 lists the tensile properties of a number of irradiated pressure
vessel steels and one weld. At doses of 5 X 10 18 fast neutrons/cm 2 appreciable changes in tensile properties are observed. At doses of 1 X 1020
fast neutrons/cm 2 very large changes in properties are observed, and the
steels seem unsuited for use in pressure vessels in this condition because of
the limited ductility. Uniform elongation has been used as a measure of
tensile ductility because irradiation reduces the uniform elongation much
more drastically than the necking elongation. In some cases yielding and
necking occur at the same stress or, in some cases, the yield strength exceeds
*This article by J.C. Wilson.
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5-18

TENSILE PROPERTIES OF IRRADIATED STEELS

Yield
Tensile
Temp. of strength strength Uniform
Dose, fast
elongation,
irradiation,
neutrons/ cm 2
OF
3
Thousands of psi

Line

Alloy

1
2
3
4
5
6
7

A-106
fine
grain
0.24% c

0
2 x 1Q19
2 x 1Q19
2 x lQl9
8 x lQl9
8 x lQl9
1 x 1020

580
680
760
580
780
175

8
9
10
11
12
13
14

A-106
coarse grain
0.24% c

0
2 x lQl9
2 x lQl9
2 x lQ19
7 x 1Q19
7 x lQl9
1 x 10 20

580
680
760
580
780
175

15
16
17
18
19
20
21
22

A-212
0.23 c

0
2 x 1Ql9
2 x lQl9
2 x lQ19
2 x lQl9
6 x lQ19
6 x lQ19
1 x 1020

175
560
680
760
700
780
175

32
33
34
35
36
37
38
39

E-7016
weld
metal

0
5 x lQIS
5 x lQIS
2 x lQl9
6 x 1Q19
6 x lQ19
6 x lQl9
1 x 1020

175
600
175
700
740
780
175

-

-

-

-

40
81
55
48
79
47
97

76
102
87
82
106*
79
102

18
8
11
12
6
11
4

46
93
67
43
87
64
116

80

115
98
84
103*
94
121

14
8
9
14
3
11
2

40
92
76
61
56
82
59
109

75
98
102
90
84
105*
81
116

25
6
9
12
14
6
13
4

59
69
61
108
83
77
69
115

73
78
77
108
94
85
77
115

16
11
17
0
12
12
15
0

*Broke without necking; work-hardening rate greater than for unirradiated
specimen.
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TABLE

5-19

NoTcH-IMPACT (SuBsrzE Izoo)
PROPERTIES OF STEELS AND WELDS

Heat
treatment*

Irradiati on
temp., °F

Dose, fast
neutrons/cm2

Increase in
transition
temp., °F

Decrease in
"ductile"
energy, 3

A-212B
(No. 18)

N

175
575
175

5 x 101s
5 x 101s
5 x lQ19

45
15
100

0
0
35

A-212 B
(No. 43)

HR

175
175

5 x lQIS
5 x lQ19

45
272

20
50

A-212 B
(No. 65)

N&SR
HAZ

175
175

5 x 1019
8 x lQ19

220
350

30
60

E-7016
Weld

SR
Q&T

175
175

2 x lQ19
8 x 1019

210
360

40
55

Carilloy
T-1

Q&T

175
575
175

5 x 101s
5 x 101s
7 x lQ19

175
100
450

20
0
50

8!%
Nickel

s

175
175

5 x 101s
7 x lQ19

100
500

20
60

A-106
(Fine
grain)

N

175
175

5 x lQ19
8 x lQ19

85
250

0
30

A-106
(Coarse
grain)

N

175
175

5 x lQ19
8 x lQ19

30
300

55

Steel

*

N = Normalized
SR= Stress relieved
Q & T = Quenched and tempered

-

S =Special heat treatment
HAZ = Heat-affected zone near weld
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the tensile strength. The loss of uniform elongation is more severe in ferritic
steels of lower carbon content (less than 0.103).
The effect of elevated irradiation temperatures is to reduce the yield
stress increase, but the tensile strength increase may be greater under the
higher temperature conditions. The uniform elongation is usually greater
for elevated temperatures of irradiation. In some cases the reduction of
area is drastically reduced by elevated temperature irradiations, and fracture has occurred without necking. Thus it is not clear whether elevated
irradiation temperatures are always beneficial.
Table 5-19 lists selected data on the effects of irradiation on the notchimpact properties of a number of steels. The increase in transition temperature and the percentage of loss of energy absorption are shown as a function
of neutron dose. The data were obtained on subsize Izod impact specimens.
Limited information on full size Charpy V-notch specimens has indicated
that at doses of the order of 5 X 1018 fast neutrons/cm 2 , larger transition
temperature shifts (by about a factor or two) are observed than with subsize Izod specimens. Thus there may be a size effect to be considered.
Preliminary results indicate that elevated irradiation temperatures invariably reduce the extent of radiation effects on the notch-impact properties, although the amount of reduction varies greatly between different
steels of similar composition and heat treatment.
The following suggestions and recommendations for the selection of
pressure vessel steels that will be irradiated in service are based upon the
data obtained:
(1) On the basis of tensile ductility (uniform elongation) steels of carbon
content greater than about 0.23 are preferable.
(2) The steel should be aluminum killed to secure a fine-grain material,
but it is not certain that a small grain size per se is preferable to a large
grain size.
(3) The processing and heat treatment should be carried out to attain
the lowest possible transition temperature before the steel is put into
service.
(4) There is some tendency for alloy steels (particularly when heattreated to obtain a structure that is not pearlitic) to show more severe
radiation effects than pearlitic steels. This is not to say that alloy steels
are unsuitable; but there are insufficient data to choose between the various
alloy steels.
(5) The radiation effects in steels depend both in kind and degree on
the temperature of irradiation in a very sensitive manner in the temperature ranges in which steels will be used in reactor vessels.
(6) The effects of static and cyclic stresses during irradiation on dynamic
and static properties have not yet been determined, and it is impossible
to perform a realistic evaluation of engineering properties until some
information is available.
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(7) In the range of neutron doses to be expected in reactor vessels, the
properties of irradiated steels are extremely sensitive to dose (and perhaps
to dose rate). One of the greatest uncertainties is the comparison of the
effectiveness of test reactor fluxes and fluxes to be encountered in service.
Also, nothing is known about the rate of self-annealing at the temperature
of operation.
Currently ASTM type A-212 grade B steel made to satisfy the lowtemperature ductility requirements of ASTM A-300 specification is regarded as a good choice for reactor vessels. It is by no means certain that
this is the best grade of steel to use, but there are other types that seem to
be much less desirable.
5-9.

STRESS-CORROSION CRACKING*

5-9.1 Introduction. Early in the Homogeneous Reactor Project the
susceptibility of the austenitic stainless steels to failure by stress-corrosion
cracking was recognized. As a result, test exposures of stress specimens of
various kinds have been carried out in laboratory glassware, high temperature autoclaves, 100-gpm dynamic loops, and in-pile loops. These
investigations, as well as a great deal of experience with the fluids of
interest in the engineering development programs, have indicated that
stress-corrosion cracking of type-347 stainless steel is not a serious problem
in these environments in the absence of ( <5 ppm) chloride ions. However,
investigations carried out with added chloride ions, and some failures
which have been encountered where the fluids under test were inadvertently
contaminated with chloride ions, have shown that the several oxygenated
aqueous environments present in an operating two-region breeder can
stress-erack the austenitic stainless alloys when the chloride ions are
present. The presence of iodide and bromide ions has also resulted in
localized attack in some tests [151,152]. However, bromide ions are an
unlikely contaminant and are produced in very low yield in fission, and
the iodide formed can be removed by a silver bed [153]. Whether chloride
and bromide ions are also removed by the silver bed under reactor operating
conditions has not been established.
Thus, the successful utilization of austenitic stainless steels in homogeneous reactor construction is dependent on the control of localized attack,
particularly stress-corrosion cracking, by the rigid exclusion or continuous
removal of halide ions. Space does not permit a review of the many complex
factors which influence stress-corrosion cracking by chloride ions in homogeneous reactor fluids; however, some of the specific data and experience

*By E. G. Bohlmann.
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which emphasize the necessity for halide control in homogeneous reactor
fluids contained in type-347 stainless steel are presented. In general, the
effects of the presence of chloride ions are similar to those encountered
in high-temperature water. Stress-corrosion cracking problems in such
environments in water-cooled reactors has been comprehensively reviewed
in the Corrosion and Wear Handbook [154] and so will not be considered
in any detail here.
Titanium and zirconium alloys have been tested in many aggressive
aqueous stress corrodents without ever showing susceptibility to attack.

5-9.2 Fuel systems. An early investigation of stress-corrosion cracking
in boiling uranyl-sulfate solutions involved exposure of stress specimens in
a small, atmospheric pressure, total reflux test evaporator [155] constructed
of type-347 stainless steel. Four constant-strain type-347 stainless-steel
specimens stressed to 20,000 psi by three point loading were exposed in the
solution and vapor phase. The evaporator was run without aeration other
than that resulting from the fact that the condenser was open to the
atmosphere.
No cracking of any of the specimens was observed during the 7630-hr
exposure in HRE-2 composition (0.04 m U0 2SOr0.004-0.015 m H2S040.005 m Cu804) solution. This solution contained less than 1 ppm chloride.
Two of the specimens, one from the liquid and one from the vapor phase,
were replaced with new specimens and the test was continued, but with
60 ppm of chloride added to the solution as sodium chloride. On examination of the specimens after 500-hr exposure in this environment, several
small cracks were found in the area of maximum stress of the new solutionexposed specimen. No cracks were found on the new vapor-exposed specimen nor on any of the carryover specimens. These results were unchanged
after an additional 1880-hr exposure to the same solution except that the
cracks in the solution-exposed specimen were larger. Thus it was apparent
that stress-corrosion cracking of type-347 stainless steel at 100°0 in uranyl
sulfate solutions containing chloride ions may be profoundly affected by
pretreatment.
Further investigations of this pretreatment effect in boiling uranyl
sulfate solutions in glass equipment with elastically stressed U-bend
specimens have confirmed the results obtained in the evaporator test
[156]. Table 5-20 summarizes some of the information which has been
obtained on the effect of pretreatment in a nonchloride-containing uranyl
sulfate solution on the resistance to cracking of stress specimens in subsequent exposure to an environment which is an aggressive crack producer
in new specimens. Thus pretreatment for a period as short as 50 hr has an
appreciable effect; also, stressing the specimen after pretreatment does
not destroy the efficacy of the solution pretreatment. A similar beneficial
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effect was not produced by a pretreatment consisting of heating the stressed
U-bends in air for 1 hr at 677°C.
The results of some laboratory studies on the effect of chloride concentration on stress-corrosion cracking of type-347 stainless steel, not pretreated, in aerated, boiling uranyl sulfate solutions are summarized in
Table 5-21 [157]. Under these conditions no cracking of simple beam-type
TABLE 5--20
EFFECT OF PRETREATMENT(a) ON STRESS CORROSION
CRACKING OF TYPE-347 STAINLESS STEEL IN BOILING URANYL
SULFATE SoLUTioN<h> CONTAINING CHLORIDE
Pretreatment
time,
hr
50
200
500
500
500
0

No. of
specimens

3
3
3

4
4(c)
50

Time in test
solution (b) ,
hr

Specimens
cracked,
%

500
500
500
2500
2500
400

0
0
0
0
0
g5(d)

(a) Pretreatment solution: 0.04 m U02S04, 0.02 m H 2S04, 0.005 m CuS0 4.
(b) Test solution: as in (a) plus 50 ppm chloride. (c) Stressed after pretreatment.
(d) 75% of the specimens cracked in< 50 hr.

specimens was observed with chloride concentrations of 10 ppm or less
over a period of 2500 hr. However, cracking was encountered at chloride
concentrations of 25 to 500 ppm. The exposure-time intervals, after which
microscope examination revealed the first evidence of cracking, ranged
from 100 to 200 hr at 25 ppm to 2000 to 2500 hr at 100 ppm. Results of a
few experiments with added bromide and iodide ions are also given. The
bromide results are suggestive of a relatively unusual stress-accelerated
corrosion rather than cracking.
Other tests [158,159] carried out in autoclaves with oxygen overpressure
have indicated that chloride concentrations as low as 5 to 10 ppm can
cause stress-corrosion cracking of vapor phase specimens at temperatures
of 100 and 250°C. Similar specimens exposed in the solution phase suffered
no comparable attack even with chloride concentrations ranging up to
90 ppm. The quite different results obtained with changes in test condi-

TABLE 5-21
STRESS-CORROSION BEHAVIOR OF TYPE-347 STAINLESS STEEL IN

m U02S0 4 - 0.02 m H2S0 4 - 0.005 m
CuS04 SOLUTION CONTAINING CHLORIDE, BROMIDE, AND IODIDE

BOILING AND AERATED 0.04

ADDITIONS

Test
no.

Additive
Species

Cone., ppm

Total
hr

Applied
stress, psi

Incidence of cracking

P-9

None

0

2500

15,000
30,000

None
None

P-10

c1-

5

2500

15,000
30,000

None
None

P-11

c1-

10

2500

15,000
30,000

None
None

P-12

c1-

25

1000

15,000
30,000

Cracked (100-200 hr)
Cracked (100--200 hr)

P-13

c1-

50

1000

15,000
30,000

Cracked (100--200 hr)
Cracked (100--200 hr)

P-14

c1-

100

2500

15,000
30,000

Cracked (W00--2500 hr)
None

S-25

c1-

200

1500

15,000
30,000

Cracked (2oo--500 hr)
Cracked (2oo--500 hr)

S-26

c1-

500

1500

15,000
30,000

Cracked (2oo--500 hr)
Cracked (2oo--500 hr)

S-27

Br-

50

1500

15,000
30,000

No localized attack
No localized attack

P-15

Br-

100

2500

15,000

Severe subsurface
pitting
No localized attack

30,000
S-28

Br-

200

1500

15,000
30,000

P-16

1-

1oo<h>

2500

15,000
30,000

(c)

(a)

Severe subsurface
pitting
Severe subsurface
pitting
No localized attack
No localized attack

(a) No cracking on stress specimen; cracks occurred on stress specimen support
plate stressed at an undetermined value.
(b) Initial iodide concentration adjusted to 100 ppm at start of each 500-hr
run; iodide level at end of 500-hr runs approximately 10 ppm and less.
(c) Times given represent exposure interval.
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tions are similar to experience with the phenomenon m other aqueous
environments.
A further seeming inconsistency is the large number of hours (> 300,000)
of operating experience accumulated on 100-gpm dynamic loops without
experiencing a failure due to stress-corrosion cracking, in spite of the fact
that a few ppm of chloride was often present in the solution. In a number
of instances 50 to 200 ppm chloride ion was deliberately added to the solution used in a particular run. The same loops were run for many thousands
of hours subsequently without stress-cracking failure. Also, in long-term
loop tests with solutions of the same composition as HRE-2 fuel, stress
specimens were exposed in liquid and vapor at 200, 250, and 300°C for
12,000 to 14,000 hr. No evidence of stress cracking was found by subsequent microscopic and metallographic examinations [160].
However, as more complex equipment has been operated in connection
with the component development programs a few stress-cracking failures
have been encountered. These were usually associated with crevices
stemming either from the design or formed by accumulations of solid
corrosion products. Comparison of these failures with the lack of difficulty
encountered in the loop experience suggested that the presence of high
concentrations of oxygen helped prevent stress-corrosion cracking by uranyl
sulfate solutions containing chloride ions and that the cracking encountered
in the more complex systems was related to oxygen exhaustion in the
crevices.
To test this hypothesis, two series of loop runs were carried out to study
the effect of oxygen concentration [161].
In the first of these, at 250°C, two sets of five stress specimens, one set
pretreated in situ 98 hr with chloride-free solution, the other set in the asmachined, degreased condition, were exposed in the loop pressurizer. The
specimens were arranged so the topmost specimen was exposed to vapor
only, the next two were in the solution spray from the pressurizer bypass,
and the bottom two were immersed in the liquid phase. No effect ascribable
to exposure position was observed. Pretreated specimens were not included
in the second series of runs at 200°C. Table 5-22 summarizes the conditions
used in the runs and the results obtained:
At 250°C no cracks were produced in the specimens by varying conditions
from high oxygen concentration to oxygen exhaustion with consequent
uranium precipitation. At 200°C and high oxygen concentration, a crack
was observed underneath the head of a bolt used to fasten the specimen to
a holder instead of in the area of maximum tensile stress. The probability
that this was the crevice-type attack which had been hypothesized was
borne out by the results of the subsequent oxygen exhaustion run. After
this run all the specimens showed transgranular cracks. However, the
cracks were not characteristically related to the pattern of applied stress.
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5---22

CONDITIONS OF RuNs TO INVESTIGATE STRESS-CORROSION CRACKING
IN CHLORIDE-CONTAINING URANYL SULFATE SOLUTION

Run
no.

ChloTime, Temp., U02S04,
Oxygen,
ride,
oc
ppm
hr
m
ppm

Remarks

Cracking
results

--

H-103
98
H-104a 143
H-104b 250

250
250
250

0.17
0.17
0.17

H-104c 260
H-104d 111

250
250

0.17
0.17

H-105a 211

200

0.17

Pretreatment
1000
0
40 1500-1800
40 1500-1800 Same solution as
H-104a
20-170 New solution
60
Q-40 Oxygen exhaustion
50
occurred and
U precipitated
50 1000-3000

H-105b 200

200

0.17

50

0-25

-

No cracks
No cracks
No cracks
Pits, but
no cracks

One crevice
crack
Oxygen exhaustion All five
specimens
occurred and
cracked
U precipitated

Several of the cracks were parallel rather than normal to the applied tensile
stress, and most were in the regions where the identification numbers were
stamped on the specimens mther than in the areas of maximum elastic
stress.
The aggressive stress cracking encountered in the oxygen exhaustion
run at 200°C raised the question whether similar effects might be produced
in the absence of chloride. Consequently, oxygen exhaustion studies were
carried out in loop runs with 0.17 M uranyl sulfate solutions containing
< 3 ppm of chloride ions. Stress specimens exposed in such runs at 200,
2.50, and 280°C showed no stress-corrosion · cracks on metallographic
examination [162].
In-pile experience has of necessity been substantially less extensive;
however, the results have been consistent with the negative experience
encountered with out-of-pile loops. Over a period of 2! years, about
17,000 operating hours have been accumulated in fifteen type-347 stainlesssteel in-pile loop experiments without encountering evidence of stress
cracking. Also, stress specimens were exposed in the pressurizer vapor and
liquid locations in one 1700-hr experiment. Subsequent microscopic and
metallographic examination revealed no evidence of cracks. Stress speci-
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mens exposed in the core during a 630-hr experiment also showed no stress
cracks.
Thus, a great deal of experience and the results of many specific investigations indicate stress-corrosion cracking of austenitic stainless alloys is
not a problem in uranyl sulfate solution environments free of chloride.
However, contrariwise, it also seems clear that stress-corrosion cracking
failures will be a problem if these solutions become contaminated with
chloride.
5-9.3 Slurry systems. Substantially less experience with aqueous slurries than with uranyl sulfate solutions has been accumulated in austenitic
stainless steel equipment. However, it appears that stress-corrosion cracking failures manifest themselves about as one might expect from hightemperature water results. Thus the presence or absence and the concentration of chloride in the slurry are major factors in stress-cracking
incidence.
Stress cracking has been encountered in toroids [163] and loops [164]
operated with oxygenated thorium-oxide slurries containing chloride. No
estimate of the concentration of chloride which is tolerable in oxygenated
slurries can be made from available data. Williams and Eckel [165] have
reported an apparent relationship between oxygen and chloride content
for the development of cracks by alkaline-phosphate treated boiler water.
These data indicate that maintenance of oxygen at concentrations of less
than 0.5 to 1 ppm will provide reasonable assurance against stress-corrosion
cracking at appreciable (IO to ~100 ppm) chloride concentrations. As a result it has been suggested that elimination of oxygen from slurry systems by
maintenance of a hydrogen overpressure on the system may be a solution
to the stress-cracking problems. A few test results indicate that this may
indeed be true under some out-of-pile conditions [166,167]; however, it is
not likely to be effective under all environmental conditions encountered
in an operating reactor. Thus, it is not clear that a hydrogen overpressure
over the radioactive aqueous fluids encountered in an operating reactor
will entirely repress the formation of oxygen by radiolytic decomposition
of the water or that other species resulting from radiation effects cannot
carry out the function of the oxygen in the stress-cracking mechanism(s)
if the oxygen is eliminated.
As with the uranyl sulfate solutions discussed above, there have been
some indications that stress-corrosion cracking of austenitic alloys in
oxygenated slurry use is more likely to occur in crevices under accumulations of oxide [168].
5-9.4 Secondary systems. Boiler water. Chemical treatment of the
water in the steam side of a fluid fuel reactor heat exchanger is a major
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unresolved question in the operation of such reactors. McLain [169] has
reviewed the problems attendant on the use of conventional boiler water
treatment. These problems stem from very large radiation fluxes associated
with the radioactive fuel circulating in the primary side of the exchanger.
Radiation decomposition of inhibitors such as hydrazine and sulfite and
the consequent and perhaps unpreventable production of some oxygen by
water decomposition introduce completely novel factors to a long-standing
problem. Thus stress-corrosion cracking failures originating on the secondary side of the type-347 heat-exchanger tubes are of concern unless rigid
chloride exclusion can be maintained. The effectiveness of inhibitors in
preventing production of appreciable oxygen in the secondary side water
of a fluid fuel heat exchanger is one of the investigational objectives of the
HRE-2. During this period rigid chloride exclusion is the only evident
preventive measure which can be taken, although the successful accumulation of 700 Mwh experience on the HRE-1 fuel heat exchanger may be
evidence of some cathodic protection by the carbon steel in the shell and
tube sheet. It is probable, however, that in the future duplex 347-Inconel
tubing, with the Inconel in contact with the secondary water environment,
will be used in this application. The comprehensive investigation of stresscorrosion cracking in chloride-containing boiler water environments carried
out in connection with the Naval Pressurized Water Reactor program
has shown that Inconel is not susceptible to cracking failure.
Other secorulary systems. Chloride should also be excluded from other
aqueous environments in contact with the austenitic stainless equipment
not easily replaceable. Thus, failures have been encountered in using
chlorinated, potable water as cooling water [170] and the presence of
marking ink containing from 3000 to 18,000 ppm chloride on the surface of
stress U-bend specimen has been shown to induce cracking on exposure to
saturated oxygenated steam at 300°C [171]. The importance of the exclusion of chloride from aqueous environments contained in austenitic alloys
was clearly demonstrated by the encounter with stress-corrosion cracking in
the HRE-2 leak detector system. The undetected chloride contamination
during manufacture of some of the tubing used in fabrication of the system
resulted in a rapid succession of failures in parts of the system during shakedown operation. Subsequent penetrant and metallographic examination of
the 0-ring flanges to which the system was connected revealed stresscorrosion cracks in many of those exposed to high temperatures. AB a
result, all the high-temperature flanges were replaced before the reactor
operation schedule could be continued [172,173].
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CHAPTER 6
CHEMICAL PROCESSING*

6-1.

INTRODUCTION

One of the principal advantages of fluid fuel reactors is the possibility of
continually processing the fuel and blanket material for the removal of
fission products and other poisons and the recovery of fissionable material
produced. Such continuous processing accomplishes several desirable
objectives: (a) improvement of the neutron economy sufficiently that the
reactor breeds more fissionable material than it consumes, (b) minimization of the hazards associated with the operation of the reactor by maintaining a low concentration of radioactive material in the fuel, and (c) improvement of the life of equipment and stability of the fuel solution by
removing deleterious fission and corrosion products. The performance
and operability of a homogeneous reactor are considerably more dependent
on the processing cycle than are those of a solid fuel reactor, although the
objectives of processing are similar.
The neutron poisoning in a homogeneous reactor from which fission
product gases are removed continuously is largely due to rare earths [1],
as shown in Fig. 6-1. In Fig. 6-1 the rare earths contributing to reactor
poisoning are divided into two groups. The time-dependent rare earths
are those of high yield and intermediate cross section, such as Nd1 43
and Nd 145, Pr141 , and Pm 147 , which over a period of several months could
accumulate in the reactor and result in a poisoning of about 20%. The
constant rare-earth poison fraction is due primarily to Sm149 and Sm151,
which have very large cross sections for neutron absorption but low yield,
and therefore reach their equilibrium level in only a few days' operation.
Poisoning due to corrosion of the stainless-steel reactor system was calculated for a typical reactor containing 15,500 ft 2 of steel corroding at a
rate of 1 mpy. It is assumed that only the nickel and manganese contribute
to the poisoning, since iron and chromium will hydrolyze and precipitate
and be removed from the reactor system; otherwise, corrosion product
poisoning would be four times greater than indicated in Fig. 6-1. The
control of rare earths and corrosion product elements is discussed in subsequent sections of this chapter. Removal of solids from the fuel solution
also improves the performance of the reactor by diminishing the deposition
of scale on heat-transfer surfaces and reducing the possibility of erosion of
pump impellers, bearing surfaces, and valve seats.
*By R. A. McNees, with contributions from W. E. Browning, W. D. Burch,
R. E. Leuze, W. T. McDuffee, and S. Peterson, Oak Ridge National Laboratory.
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a two-region reactor.
The biological hazards associated with a homogeneous reactor are due
chiefly to the radioactive rare earths, alkaline earths, and iodine [2].
The importance, as a biological hazard, of any one of these groups or nuclides within the group depends on assumptions made in describing exposure conditions; however, 11 31 contributes a major fraction of the radiation hazards for any set of conditions. While the accumulation of hazardous
materials such as rare earths and alkaline earths will be controlled by tlie
processing methods to be described, less is known about the chemistry of
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iodine in the fuel systems and methods for removing it. Existing information on iodine processing is discussed in Section 6-5.
Schematic flowsheets for proposed processing schemes for two types of
two-region aqueous homogeneous reactors are shown in Figs. 6-2 and 6-3.
In both cases, solids are removed by hydroclones and concentrated into
a small volume of solution for further processing. The nature of such
processing will be determined by the exact design and purpose of the
reactor. Thus, for a two-region plutonium producer, the core and blanket
materials would have to be processed separately to avoid isotopic dilution,
while for a thorium breeder, core and blanket material could be processed
together. However, if an attractive method should be developed for leaching uranium and/or protactinium from a thorium-oxide slurry without
seriously altering the physical properties of the slurry, the two materials
could be processed separately. In a similar way, the relation between
iodine control and fission product gas disposal is such that neither problem
can be disassociated from the other. A specific, complete, and feasible
chemical processing scheme cannot be proposed for any reactor without
an intimate knowledge of all aspects of design and operation of the reactor.
However, some of the basic chemical knowledge needed to evaluate various
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possible processing methods has been developed and is presented in the
following sections.
6-2. CORE PROCESSING: SOLIDS REMOVAL
6-2.1 Introduction. Early in the study of the behavior of fission and
corrosion products in uranyl sulfate solutions at temperatures in the range
250 to 325°C, it was found that many of these elements had only a limited
solubility under reactor conditions. Detailed studies of these elements
were conducted and devices for separating solids from liquid at high
temperature and pressure were constructed and evaluated. Based on this
work, a pilot plant to test a processing concept based on solids separation at
reactor temperature was installed as an adjunct to the HRE-2. These
processing developments are discussed in this section.
6-2.2 Chemistry of insoluble fission and corrosion products. Of the
nongaseous fission products, the rare earths contribute the largest amount
of neutron poison to a homogeneous reactor after a short period of operation
(Fig. 6-1). Therefore, a detailed study of the behavior of these elements
TABLE 6-1
SOLUBILITY OF LANTHANUM SULFATE IN
0.02m U02S04-0.005mH2S04 AS A FUNCTION OF
SOLUTION TEMPERATURE
mg La2(S04)a/kg H20
Temperature,

oc

190
210
230
250
270

True
solubility

Concentration required to
initiate precipitation

250
130
54
25
12

760
360
167
77
36

has been made. All the rare earths and yttrium showed a negative temperature coefficient of solubility in all the solutions studied and a strong
tendency to supersaturate the solutions, as shown in Table 6-1. With the
exception of praseodymium and neodymium, which are reversed, the solubility at a given temperature and uranyl sulfate concentration increased
with increasing atomic number, with yttrium falling between neodymium
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and samarium, as shown in Table 6-2. Increasing the uranyl sulfate
concentration increased the solubility of a given rare-earth sulfate, as
shown in Table 6-3.
TABLE

6-2

SOLUBILITY OF VARIOUS RARE-EARTH SULFATES IN

O. 02 m U02S04-0. 005 m H2S04

AT

280°C

Salt

Solubility,
mg/kg H20

Salt

Solubility,
mg/kg H20

La2(S04)a
Ce2(S04)a
Pr2(S04)a

10
50
170

Nd2(S04)a
Y2(S04)a
Sm2(S04)a

110
240
420

TABLE

6-3

EFFECT OF URANYL SULFATE CONCENTRATION ON THE SOLUBILITY OF
NEODYMIUM SULFATE AT VARIOUS TEMPERATURES

Nd2(S04)a solubility, mg/kg H20
U, g/kg H20

5.7
10.8
16.6
22.4

250°C

280°C

300°C

270
400
770
>1000

115
200
300
500

73
120
180
300

In a mixture of rare-earth sulfates the solubility of an individual rare
earth is less than it would be if it were present alone. For example, the
solubility of praseodymium sulfate at 280°C is 170 mg/kg H 20 with no
other rare earths present, as compared with 12 mg/kg H20 in a solution
made up with a rare-earth mixture containing 63 praseodymium sulfate.
Samples of the precipitating salts isolated from solution at 280°C have
usually been the sulfates and contained no uranium. HmYever, under
special conditions a mixed sulfate salt of neodymium and uranium has been
observed [3].
The alkaline earths, barium and strontium, also show a negative temperature coefficient, but not so strongly as do the rare earths; almost no
effect can be seen when the temperature of precipitating solutions is in-
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creased from 250 to 300°0. At 295°0 in 0.02 m U02S04---0.005 m H2S04
solution, the solubility of barium sulfate is 7 mg/kg H20 and that of
strontium sulfate is 21 mg/kg H 20. Both the alkaline and rare-earth
sulfates show a strong tendency to precipitate on and adhere to steel
surfaces hotter than the precipitating solutions, and this property can be
used to isolate these solids from liquids at high temperatures.
Other fission and corrosion product elements hydrolyze extensively at
250 to 300°0 and precipitate as oxides, leaving very low concentrations
in solution. Iron(III) at 285°0 has a solubility of 0.5 to 2 mg Fe/kg H20
and chrornium(III), 2 to 5 mg/kg H20. At 285°0 less than 5 mg of zirconium or niobium per kilogram of H20 remains in solution.
For other elements of variable valence, such as technetium, the amount
of the element in solution is determined by the stable valence state under
reactor conditions. In general, the higher valence states better resist hydrolysis and remain in solution. Thus at 275°0 in 0.02 m U02S0 4 Tc(VII)
is reduced to Tc(IV) if hydrogen is present, and only 12 mg/kg H20 remains in solution. However, a slurry of Tc02 in the same .solution but with
oxygen present dissolves to give a solution at 275°0 with a technetium
concentration of more than 9 g/kg H20. The same qualitative behavior is
observed with ruthenium. Selenium and tellurium in the hexapositive state
are much more soluble than when in the tetrapositive state [4].
A few elements, e.g., cesium, rubidium, nickel, and manganese, introduced into the fuel solution by fission or by corrosion of the system, are
very soluble under reactor conditions. Their removal and control are discussed in Section 6-4.
6-2.3 Experimental study of hydroclone performance. It is evident
from the preceding section that the amount of uranium withdrawn from
the reactor diminishes if the collection, concentration, and isolation of the
insolubles can be effected at high temperature. One device capable of
collecting and concentrating solids at high temperature is a solid-liquid
cyclone separator called a "hydroclone," or "clone." A diagram of a hydroclone is shown in Fig. 6-4. In operation, a solids-bearing stream of liquid
is injected tangentially into the wide portion of a conical vessel. Solids
concentrate in a downward-moving layer of liquid and are discharged from
the bottom of the clone into the underflow receiver. Partially clarified
liquid leaves from the top of the clone through a vortex finder. Use of the
underflow receiver eliminates mechanical control of the discharge flow
rate and, by proper choice of hydroclone dimensions, any desired ratio of
overflow rate to underflow rate can be achieved. The driving force for the
system is provided by a mechanical pump.
The factors influencing the design of an effective hydroclone for homogeneous reactor processing use have been studied, and hydroclone designs
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Fm. 6-4. Schematic diagram of a hydroclone with associated underflow receiver.

based on these studies have been tested in the laboratory and on various
circulating loops [5]. All tests have shown conclusively that such hydroclones can separate insoluble sulfates or hydrolyzed materials from liquid
streams at 250 to 300°C. In the HRE~2 mockup loop a mixture of the sulfates of iron, zirconium, and various rare earths, dissolved in uranylsulfate solution at room temperature, precipitated when injected into the
loop solution at 250 to 300°C. The solids concentrated into the underflow
receiver of a hydroclone contained 753 of the precipitated rare-earth
sulfates. When the lanthanum-sulfate solubility in the loop solution was
exceeded by 103, the concentration of rare earths in the underflow receiver
was four to six times greater than in the rest of the loop system; some
accumulation of rare earths was observed in the loop heater. A large
fraction of the hydrolyzed iron and zirconium was collected in the gas
separator portion of the loop. In the separator the centrifugal motion
given to the liquid forced solids to the periphery of the pipe and allowed
them to accumulate. Only about 103 of the solids formed in the loop was
recovered by the hydroclone, and examination of the loop system disclosed large quantities of solids settled in every horizontal run of pipe.
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FIG. 6-5. Schematic flow diagram for the HRE-2 chemical processing plant.

TABLE
DIMENSIONS OF

6-4

HRE-2 H YDROCLONES
Dimension, in.

Symbol

Location

DL

0.25-in.
hydroclone

0.40-in.
hydroclone

0.56-in.
hydroclone

Maximum inside
diameter

0.25

0.40

0.56

L

Inside length

1.50

2.40

3.20

Du

Underflow port
diameter

0.070

0.100

0.148

Overflow port
diameter

0.053

0.100

0.140

Feed port effective diameter

0.051

0.118

0.159

Do
DF

6
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Samples taken from the loop after addition of preformed solids and without
the hydroclone operating showed an exponential decrease in solids concentration with a half-time of 2.5 hr; with the hydroclone operating, the halftime was 1.2 hr. In the HRE-2 chemical plant [5], operated with an auxiliary loop to provide a slurry of preformed solids in uranyl sulfate solution
as a feed for the plant, the half-times for solids disappearance and removal
were 11 hr without the hydroclone and 1.5 hr with it. The efficiency of the
hydroclone for separating the particular solids used in these experiments
was about 103. With gross amounts of solids in the system, concentration
factors have been as large as 1700.
Correlation of these data with anticipated reactor chemical plant operating conditions indicates that the HRE-2 chemical plant will hold the
amount of solids in the fuel solution to between 10 and 100 ppm. If necessary, performance can be improved by increasing the flow through the
chemical plant and by eliminating, wherever possible, long runs of horizontal pipe with low liquid velocity and other stagnant areas which serve
to accumulate solids.
6-2.4 HRE-2 chemical processing plant.* An experimental facility to
test the solids-removal processing concept has been constructed in a cell
adjacent to the HRE-2. A schematic flowsheet for this facility is shown
in Fig. 6-5.
A 0.75-gpm bypass stream from the reactor fuel system at 280°C and
1700 psi is circulated through the high-pressure system, consisting of a
heater to make up heat losses, a screen to protect the hydroclone from
plugging, the hydroclone with underflow receiver, and a canned-rotor
circulating pump to make up pressure losses across the system. The
hydroclone is operated with an underflow receiver which is drained after
each week of operation, at which time the processing plant is isolated
from the reactor system.
At the conclusion of each operating period 10 liters of the slurry in the
underflow pot is removed and sampled. The heavy water is evaporated
and recovered, and the solids are dissolved in sulfuric acid and sampled
again. The solution is then transferred under pressure to one of two 100-gal
decay storage tanks. Following a three-month decay period, the solution
is transferred to a shielded carrier outside the cell and then to an existing
solvent extraction plant at Oak Ridge National Laboratory for uranium
decontamination and recovery. The sulfuric acid solution step is incorporated in the HRE-2 chemical plant to ensure obtaining a satisfactory
sample. This step would presumably not be necessary in a large-scale
plant.
*Contribution from W. D. Burch.
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All equipment is located in a 12- by 24- by 21-ft underground cell located
adjacent to the reactor cell and separated from it by 4 ft of high-density
concrete. Other construction features are similar to those of the reactor
cell, with provisions for flooding the cell during maintenance periods in
order to use water as shielding. Figure 6-6, a photograph of the cell prior
to installation of the roof plugs, shows the maze of piping necessitated by
the experimental nature of this plant.
Dimensions of the three sizes of hydroclones designed for testing in this
plant are shown in Table 6-4. These three hydroclones, which have been

Blind Flange
Closure

Hexagonal Head

]!
I I:
11'
'1

Pressure Screw

Gold Wire Gasket

Frn. 6-7. HRE-2 chemical plant hydroclone container.

selected to handle the range of possible particle sizes, are interchangeable
at any time during radioactive operation through a unique, specially machined flange, shown in Fig. 6-7. Removal of the blind closure flange exposes a cap plug and retainer plug. Removal of these with long-handled
socket wrenches permits access to the hydroclone itself. This operation has
been performed routinely during testing with nonradioactive solutions.
In processing homogeneous reactor fuel, a transition from a heavy- to a
natural-water system is desirable if final processing is to be performed in
conventional solvent extraction equipment. Such a transition must be accomplished with a minimum loss of D20 and a minimum contamination of
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the fuel solution by H20 in recycled fuel. Initial tests of this step in the
fuel processing cycle have been carried out [6]. In these experiments a
mixture of 5% D20, 95% H20 was used to simulate reactor fuel liquid.
The dissolver system was cycled three times between this liquid and ordinary water, with samples being taken during each portion of each cycle.
Isotopic analysis of these samples showed no dilution of the D 20 in the
enriched solution and no loss of D20 to the ordinary water system.
At expected corrosion rates, approximately 400 g of corrosion products
will be formed in the reactor system per week, and the underflow receiver
was therefore designed to handle this quantity of solids. The adequacy of
the design was shown when more than three times this quantity of solids
was charged to the underflow receiver and drained in the normal way without difficulty.
Full-scale dissolution procedures have also been tested [6]. To minimize
the possibilities of contaminating the reactor fuel solution by foreign ions,
a dissolution procedure was developed using only sulfuric acid. This consists of a 4-hr reflux with 10.8 M H2S04 in a tantalum-lined dissolver followed by a 4-hr reflux with 4 M H2S04, and repeated as required until
dissolution is complete. Decay storage tanks and other equipment required
to handle the boiling 4 M H2S04 are fabricated of Carpenter-20 stainless
steel. Tests have repeatedly demonstrated more than 99.5% dissolution
of simulated corrosion and fission products in two such cycles.
The HRE-2 hydroclone system has been operated as an integral part
of the reactor system for approximately 600 hr and for an additional
1200 hr with a temporary pump loop during initial solids-removal tests.
During this operating period, in which simulated nonradioactive fuel
solutions were used, the performance of the plant was satisfactory in all
respects.
6-3.

FISSION PRODUCT GAS DISPOSAL*

6-3.1 Introduction. To prevent the pollution of the atmosphere by
radioactive krypton and xenon isotopes released from the fuel solution, a
system of containment must be provided until radioactive decay has reduced their activity level. This is accomplished by a method based on the
process of physical adsorption on solid adsorber materials. If the adsorber
system is adequately designed, the issuing gas stream will be composed of
long-lived Kr85, oxygen, inert krypton isotopes, inert xenon isotopes, and
insignificant amounts of other radioactive krypton and xenon isotopes. In
case the activity of the Kr8 5 is too high for dilution with air and discharge
to the atmosphere, the mixture may be stored after removal of the oxygen
*Contribution from W. E. Browning.
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Fm. 6-8. Adsorption of krypton on various adsorbents at 28°C.

or further separated by conventional methods into an inert xenon fraction
and a fraction containing Kr85 and inert krypton.

6-3.2 Experimental study of adsorption of fission product gases. Evaluation of various adsorber materials based on experimental measurements of
the equilibrium adsorption of krypton or xenon under static conditions is
in progress [7]. Results in the form of adsorption isotherms of various
solid adsorber materials are presented in Fig. 6-8.
A radioactive-tracer technique was developed to study the adsorption
efficiency (holdup time) of small, dynamic, laboratory-scale adsorber
systems [8]. This consists of sweeping a brief pulse of Kr85 through an experimental adsorber system with a diluent gas such as oxygen or nitrogen
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and monitoring the effluent gases for Kr8 5 beta activity. The activity in
the gas stream versus time after injection of the pulse of Kr85 is recorded.
A plot of the data gives an experimental elution curve, such as shown in
Fig. 6-9, from which various properties of an adsorber material and adsorber system may be evaluated.
Among the factors which influence the adsorption of fission product
gases from a dynamic system are (1) adsorptive capacity of adsorber material, (2) temperature of adsorber material, (3) volume flow rate of gas
stream, (4) adsorbed moisture content of adsorber material, (5) composition and moisture content of gas stream, (6) geometry of adsorber system,
and (7) particle size of adsorber material. The average time required for
the fission product gas to pass through an adsorber system, lmax, is influenced by the first five of the above factors. The shape ·of the experimental
elution curve is affected by the last two.
The temperature of the adsorber material is of prime importance. The
lower the temperature the greater will be the adsorption of the fission gases,
and therefore longer holdup times per unit mass of adsorber material will
result. The dependence of adsorptive capacity, k, on temperature as determined by holdup tests with some solid adsorber materials is shown in
Table 6-5.
TABLE

6-5

ADSORPTIVE CAPACITY OF VARIOUS MATERIALS AS A FUNCTION
OF TEMPERATURE

cc gas/g adsorbent*
Gas

Diluent

Adsorber
273°K

323°K

373°K

4.0 x 102

80.0

Xe

02

Charcoal

4.7 x 103

Kr

He

Charcoal

1.8 x 102

34

9.6

Kr

02 or N2

Charcoal,

68

24

11.0

Kr

02

23

9

4.5

Kr

02

Linde Molecular
Sieve 5A
Linde Molecular
Sieve lOX

11

5.7

3.5

*Gas volume measured at temperatures indicated.
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At a given temperature, the average holdup time, tma.x, is inversely proportional to the volume flow rate of the gas stream. If the volume flow
rate is doubled, the holdup time will be decreased by a factor of two.
All the solid adsorber materials adsorb moisture to some degree. Any
adsorbed moisture reduces the active surface area available to the fission
gases and thus reduces the average holdup time.
The geometry of the adsorber system influences the relation between
breakthrough time, tb, and average holdup time, tma.x, as shown in Fig. 6-9.
Ideally, for fission product gas disposal, a particular atom of fission gas
should not emerge from the adsorber system prior to the time tmax· Since
this condition cannot be realized in practice, the difference between breakthrough and average holdup times should be made as small as possible.
For a given mass of adsorber material a system composed of long, smalldiameter pipes will have a small difference between tb and tmax, whereas a
system composed of short, large-diameter pipes will not.
The particle size of the adsorber material is important for ensuring intimate contact between the active surface of the adsorber material and
the fission gases. A system filled with large particles will allow some mole-
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cules of fission gases to penetrate deeper into the system before contact is
made with an active surface, while the pressure drop across a long trap
filled with small particles may be excessive. Material between 8 and 14
mesh in size is satisfactory from both viewpoints.

6-3.3 Design of a fission product gas adsorber system. The design of
an adsorber system will be determined partly by the final disposition of
the effluent gas mixture. If ultimate disposal is to be to the atmosphere,
the adsorber system should be designed to discharge only Kr 8 ·' plus inert
krypton and xenon isotopes. If the effluent gases are to be contained and
stored, the adsorber system may be designed to allow discharge of other
radioactive krypton and xenon isotopes. In the following discussion it is
assumed that final disposal of the effluent gas mixture will be to the atmosphere. The following simple relation has been developed which is useful in finding the mass of adsorber material in such an adsorber system:

where M = mass of adsorber material (grams), F =gas volume flow rate
through adsorber system (cc/min), k =adsorptive capacity under dynamic conditions (cc/g), and lmax =average holdup time (min).
The operating characteristics of the reactor will dictate the composition
and volume flow rate of the gas stream; lrnax will be determined by the allowable concentration of radioactivity in the effluent gas; k values for
krypton and xenon must be determined experimentally under conditions
simulating these in the full-scale adsorber system. It should be noted
(Fig. 6-9) that a portion of the fission gas will emerge from the adsorber
system at a time tb prior to the average holdup time, lmax· The design
should ensure that radioactive gas emerging at time lb has decayed sufficiently that only insignificant amounts of activity other than Kr8 5 will be
discharged from the bed.
The adsorber system should be operated at the lowest convenient
temperature because of the dependence of adsorptive capacity on temperature. Beta decay of the fission product gases while passing through the
adsorber system will increase the temperature of the adsorber material
and reduce the adsorptive capacity. Temperature control is especially
critical if the adsorber system uses a combustible adsorber material, such
as activated charcoal, with oxygen as the diluent or sweep gas.

6-3.4 HRE-2 fission product gas adsorber system. The HRE-2 uses a
fission product gas adsorber system containing Columbia G activated
charcoal. Oxygen, contaminated with the fission product gases, is removed
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from the reactor, dried, and passed into this system, and the effluent gases
are dispersed into the atmosphere through a stack.
The adsorber system contains two activated charcoal-filled units connected in parallel to the gas line from the reactor. Each unit consists of
40 ft of !-in. pipe, 40 ft of 1-in. pipe, 40 ft of 2-in. pipe, and 60 ft of 6-in.
pipe connected in series. The entire system is contained in a water-filled
pit, which is buried underground for gamma shielding purposes. Each
unit is filled with approximately 520 lb of Columbia G activated charcoal,
8 to 14 mesh.
The heat due to beta decay of the short-lived krypton and xenon isotopes is diminished by an empty holdup volume composed of 160 ft of
3-in. pipe between the reactor and the charcoal adsorber system. This prevents the temperature of the charcoal in the inlet sections of the adsorber
system from exceeding 100°C. Excessive oxidation of the charcoal by the
oxygen in the gas is further prevented by water-cooling the beds.
Before the adsorber system was placed in service, its efficiency was
tested under simulated operating conditions [9]. A pulse of Kr85 (25
millicuries) was injected into each unit of the adsorber system and swept
through with a measured flow of oxygen. In this way the krypton holdup
time was determined to be 30 days at an oxygen flow rate of 250 cc/min/
unit. Based on laboratory data from small adsorber systems, the holdup
time for xenon is larger than that for krypton by a factor that varies from
30 to 7 over the temperature range of 20 to 100°C. From these data, it is
estimated that the maximum temperature of the HRE-2 adsorber system
will vary between 20 and 98°C after the reactor has been operating at
10 M w power level long enough for the gas composition and charcoal
temperature to have reached equilibrium through the entire length of the
adsorber unit. The holdup performance of the adsorber system was calculated with corrections for the increased temperature expected from the
fission gases. The calculated holdup time was found to be 23 days for
krypton and 700 days for xenon; this would permit essentially no Xe 133
to escape from the trap.

6--4.
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6-4.1 Introduction. While the solids-removal scheme discussed in Section 6-1 will limit the amount of solids circulating through the reactor system, soluble elements will build up in the fuel solution. Nickel and manganese from the corrosion of stainless steel and fission-produced cesium
will not precipitate from fuel solution under reactor conditions until concentrations have been reached which would result in fuel instability and
loss of uranium by coprecipitation. Loss of neutrons to these poisons
would seriously decrease the probability of the reactor producing more
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fuel than it consumes. Therefore, a volume of fuel solution sufficient to
process the core solution of the reactor at a desired rate for removal of
soluble materials is discharged along with the insoluble materials concentrated into the hydroclone underflow pot. This rate of removal of soluble
materials depends on the nature of other chemical processing being done
and on the extent•of corrosion. For example, operation of an iodine removal plant (Section 6-5) reduces the buildup of cesium in the fuel to an
insignificant value by removing .cesium precursors.
6-4.2 Solvent extraction. Processing of the core solution of a homogeneous reactor by solvent extraction is the only method presently available which has been thoroughly proved in practice. However, the amount
of uranium to be processed daily is so small that operation of a solvent extraction plant just for core solution processing would be unduly expensive.
Therefore, the core solution would normally be combined with blanket material from a thermal breeder reactor and be processed through a Thorex
plant, but with a plutonium-producing reactor separate processing of core
and blanket materials will be needed. These process schemes are discussed
in detail in Sections 6-6 and 6-7.
The uranium product from either process would certainly be satisfactory
for return to the reactor. Since solid fuel element refabrication is not a
problem with homogeneous reactors, decontamination factors of 10 to 100
from various nuclides are adequate and some simplification of present
solvent extraction schemes may be possible.

6-4.3 Uranyl peroxide precipitation. A process for decontaminating the
uranium for quick return to a reactor has been proposed as a means of
reducing core processing costs. A conceptual flowsheet of this process,
which depends on the insolubility of U04 under controlled conditions for
the desired separation from fission and corrosion products, is shown in
Fig. 6-10. A prerequisite for use of this scheme is that losses due to the
insoluble uranium contained in the solids concentrated in the hydroclone
plant be small. However, laboratory data obtained with synthetic solids
simulating those expected from reactor operation indicate that the uranium
content of the solids will be less than 13 by weight. Verification of the
results will be sought during operation of the HRE-2.
In the proposed method, the hydroclone system is periodically isolated
from the reactor and allowed to cool to 100°C. The hydrolyzed solids remain as such, but the rare-earth sulfate solids concentrated in the underflow pot redissolve upon cooling. The contents of the underflow pot are
discharged to a centrifuge where solids are separated from the uraniumcontaining solution and washed with D20, the suspension being sent to a
waste evaporator for recovery of D20.
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Fm. 6-10. Schematic flow diagram for decontaminating uramum by uranyl
peroxide precipitation.

Uranium in the clarified solution is precipitated by the addition of either
D202 or Na202. By controlling pD and precipitation conditions, a fast
settling precipitate can be obtained with less than 0.13 of the uranium
remaining in solution. The U04 precipitate is centrifuged or filtered and
washed with D 20 and dissolved in 503 excess of D 2S0 4 at 80°C before
being returned to the reactor.
In laboratory studies uranium losses have been consistently less than
0.13 for this method and decontamination factors from rare earths greater
than 10. Decontamination factors from nickel and cesium have been 600
and 40, respectively. It is estimated that the product returned to the reactor would contain about 20 ppm of sodium as the only contaminant introduced during processing. Although either the addition of D 20 2 or use
of D202 generated by radiation from the solution itself appears attractive,
acid liberated by the precipitation of U04 must be neutralized if uranium
losses are to be minimized. Since the entire operation is done in a D 20
system, no special precautions to avoid contaminating the reactor with
ordinary water are needed.
6--5.
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6-5.1 Introduction. The removal of iodine from the fuel solution of a
homogeneous reactor is desirable from the standpoint of minimizing the
biological hazard and neutron poisoning due to iodine and reducing the
production of gaseous xenon and its associated problems. Iodine will also
*Contribution from S. Peterson.
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poison platinum catalysts [10] used for radiolytic gas recombination in
the reactor low-pressure system and may catalyze the corrosion of metals
by the fuel solution. For this reason a considerable effort has been carried
out at ORNL and by Vitro [ll] to investigate the behavior of iodine in
solution and to develop methods for its removal. In this regard, the iodine
isotopes of primary interest are 8-day 11 31 and 6.7-hr J135.
6-5.2 The chemistry of iodine in aqueous solutions. Iodine in aqueous
solution at 25°C can exist in several oxidation states. The stable species
are iodide ion, 1-; elemental iodine, h; iodate, 103-; and periodate, 10 4 or H 510 6 . The last of these exists only under very strongly oxidizing conditions, and is immediately reduced under the conditions expected for a
homogeneous reactor fuel. Iodide ion can be formed from reduction of
other states by metals, such as stainless steel, but in the presence of the
oxygen necessary in a reactor system it is readily converted to elemental
iodine; this conversion is especially rapid above 200°C. Thus the only
states of concern in reactor fuel solutions are elemental iodine and iodate.
Under the conditions found in a high-pressure fuel system the iodine is
largely, if not all, in the elemental form.
Volatility of iodine. Since the volatile elemental state of iodine is predominant under reactor conditions, the volatility of iodine from fuel solution is the basis for proposed iodine-removal processes. The vapor-liquid
distribution coefficient [11] (ratio of mole fraction of iodine in vapor to
that in liquid) for simulated fuel solution and for water at the temperatures
expected for both the high-pressure and low-pressure systems of homogeneous reactors is given in Table 6-6.

TABLE 6-6
VAPOR-LIQUID DISTRIBUTION OF IODINE
Distribution coefficient,
vapor/liquid
Solution

Clean fuel solution
(0.02 m U02S04---0.005 m H2S040.005 m CuS04, 1-100 ppm I2
Fuel solution with mixed fission and
corrosion products
Water (pH 4 to 8, 1-13 ppm h)

High pressure
(260-330°C)

Low pressure
(100°C)

7.4

0.34

0.29

2.4
0.009
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A number of conclusions are evident from these data. Iodine is much
more volatile from fuel solution than from water at either temperature.
Fission and corrosion products appear to increase the volatility of iodine
from fuel solution at 100°C. Increasing the temperature from 100 to 200°C
increases the volatility of iodine relative to that of water. No systematic
variation of iodine volatility has been found with iodine concentration in
the range 1 to 100 ppm or temperature in the range 260 to 330°C.
The volatility of iodine from simulated fuel solution has been verified
by experiments in a high-pressure loop, shown schematically in Fig. 6-11
[11]. The circulating solution was c@tacted with oxygen in the ejector;
the separated gas was stripped of iodine by passing through a bed of silvered alundum which was superheated to prevent steam condensation.
Potassium iodide solution (containing a radioactive tracer, P 31 ) was
rapidly injected into the loop to give an iodine concentration of 10 ppm.
The iodine concentration decreased exponentially with time in the circulating solution. Table 6-7 gives the half-times for iodine removal and the
volatility distribution coefficient, calculated from the removal rate and the
flow rates, based on three experiments with clean fuel solution and two
with added iron. Within the accuracy of flow rate measurement, the coef-
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loDINE REMOVAL FROM A HIGH-PRESSURE

Solution

Clean fuel solution
(0.02 m U02S04-0.005 m H2S040.005 m CuS04)
Fuel + 30 ppm Fe3+
Fuel + 300 ppm Fe3+

6

Temperature,

oc

230

220
225

Loop

Iodine
removal
half-time,
mm
13.0
6.5
13.0
11.0
11.0

Iodine
distribution
coefficient,
vapor/liquid
7.6
16.8
8.4

10.9
9.5

ficient agrees with the average value of 7.4 obtained in numerous static
tests over the high-temperature range. Iron appears to have no effect.
Oxidation state of iodine at high temperatures and pressures. While iodate
ion is quite stable at room temperature, at elevated temperatures it decomposes according to the equilibrium reaction

The extent of this decomposition in uranyl-sulfate solutions above 200°0
is not known with certainty, since all observations have been made on
samples that have been withdrawn from the system, cooled, and reduced
in pressure before analysis. Although the iodine in such samples is principally elemental, some iodate is always present, possibly because of reversal of the iodate decomposition as the temperature drops in the sample
line. Such measurements therefore give an upper limit to the iodate content of the solution. If periodate is introduced into uranyl-sulfate solution.
at elevated temperatures, it is reduced before a sample can be taken to
detect its presence. Iodide. similarly disappears if an overpressure of oxygen is present, although iodide to the extent of 403 of the total iodine has
been found in the absence of added oxygen [11].
Methods that have been used for determining the iodine/iodate ratio in
fuel solutions are (a) analysis of samples taken from an autoclave at 250°0
at measured intervals after injection of iodine in various states [11],
(b) analysis of samples taken from the liquid in liquid-vapor equilibrium
studies at 260 to 330°0 [11], (c) rapid sampling from static bombs at
250 to 300°0 [12], and (d) continuous injection of iodate-containing fuel
solution into the above described ejector loop at 220°0 and determining
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oxidation states in samples withdrawn [11]. The iodine/iodate ratio in
these samples has varied from slightly over 1 to about 70, with no apparent
relation to variations in temperature, oxygen pressure, and total iodine
concentration.
The strongest indication of iodate instability was in the loop experiments, which gave the highest observed iodine/iodate ratio, even though
iodine was continuously introduced into the flowing stream as iodate
and removed by oxygen scrubbing as elemental iodine. The low iodate
content of the samples from these experiments corresponded to a firstorder iodate decomposition rate constant of 6.2 min- 1• Iodate contents averaging about 10% of the total iodine have been observed in
0.04 m U02S0r-0.005 ·m CuS04-H2S04 solution, rapidly sampled from
a static bomb through an ice-cooled titanium sample line. The observed
iodate content was unrelated to whether the free sulfuric acid concentration was 0.02 or 0.03 m, whether the temperature was 250 or 300°C, and
whether or not the solution was exposed to cobalt gamma radiation at an
intensity of 1.7 watts/kg.
Oxidation state of iodine at low temperatures. At 100°C the iodate decomposition and iodine oxidation are too slow for equilibrium to be established in reasonable periods of time. Thus both states can persist under
similar conditions. In stainless-steel equipment both states are reduced to
iodide, which is oxidized to iodine if oxygen or iodate is present [12].
In a radiation field the iodide is oxidized, iodine is oxidized if sufficient
oxygen is present, and iodate is reduced [13]. At the start of irradiation,
iodate is reduced, but in the presence of sufficient oxygen, iodine is later
reoxidized to iodate, probably by radiation-produced hydrogen peroxide
which accumulates in the solution. Finally, a steady state is reached with a
proportion of iodate to total iodine which is independent of total iodine concentration from 10- 6 to 10- 5 m and temperatures from 100 to 110°C, but
strongly· dependent on uranium and acid concentrations and on the hydrogen/ oxygen ratio in the gas phase. When the temperature is increased to
120°C there is a marked decrease in iodate stability under all conditions of
gas and solution composition. Experimental data on the effects of radiation
intensity, temperature, and gas composition for the irradiation of a typical
fuel solution containing 0.04 m U02SOr-O.Ol m H2S0r-0.005 m CuS04
are given in Ref. 13. The steady-state iodate percentages are also given in
this reference.

6-5.3 Removal of iodine from aqueous homogeneous reactors. It is
clear that under the operating conditions of a power reactor, iodine in the
the fuel solution is mainly in the volatile elemental state. It can therefore
be removed by sweeping it from the solution into a gas phase, stripping
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it from the gas stream by trapping it in a solid absorber or by contacting the
gas with a liquid.
Numerous experiments have shown that silver supported on alundum is
a very effective reagent for removing iodine from gas or vapor systems,
although its efficiency is considerably reduced at temperatures below
150°C. Silver-plated Yorkmesh packing is very effective for removing
iodine from vapor streams in the range 100 to 120°C. In one in-pile experiment [14] 90% of the fission-product iodine was concentrated in a
silvered-alundum pellet suspended in the vapor above a uranyl-sulfate
solution. This method of using a solid iodine absorber, however, would
present difficult engineering problems, since xenon resulting from iodine
decay would be expected to leave the absorber and return to the core unless
the absorbers were isolated after short periods of use and remotely replaced.
Iodine removal by gas stripping requires a continuous fuel letdown. In
case this is not desirable, the vapor can be stripped of iodine in the highpressure system by contacting with a small volume of liquid which is subsequently discharged. Liquids considered include water and aqueous
solutions of alkali, sodium sulfite, or silver sulfate [11]. Although the solutions are much more effective iodine strippers than pure water, their use
requires elaborate provision for preventing entrainment in the gas and subsequent contamination of the fuel solution. Thus most of the effort in
design of iodine-removal systems is based on stripping by pure heavy
water.
One possible iodine-removal scheme uses 02 or 02 + D2 stripping [15].
The iodine is scrubbed from the fuel solution by the gas in one contactor
and then stripped from the gas by heavy water in a second contactor. This
water would then be let down to low pressure and stored for decay or processed to remove iodine.
In most homogeneous reactors some of the fuel solution is evaporated
to provide condensate for purge of the circulating pump and pressurizer.
Since iodine is stripped from the fuel by this evaporation this operation can
be used for iodine removal. This method, which is illustrated in Fig. 6-12,
has been proposed for the HRE-3 [16]. Here a stream of the fuel solution
is scrubbed with oxygen in the pressurizer. The steam is condensed and the
oxygen recycled. The condensate is distilled to concentrate the iodine into
such a small volume that its letdown does not complicate reactor operation.
Iodine removal in the HRE-2. Iodine adsorption on the platinized alumina recombination catalyst, such as that used in the HRE-2, poisons the
catalyst severely [10]. Although the catalyst can be restored by operation
at 650°C, this would not be feasible in HRE-2 operation. A method for
removing iodine from the gas stream by contact with alundum or Yorkmesh coated with silver was developed in the HRT mockup. Iodine was
introduced into the system and vapor from the letdown stream and dump
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Fm. 6-12. Iodine removal system proposed for HRE-3.

tank was passed through a silvered alundum bed and the recombiner, and
then to a condenser. Condensate was returned to the high-pressure loop
through a pressurizer and the circulating pump. After injection, the iodine
concentration of the high-pressure loop dropped from 1.8 mg/liter to
0.1 mg/liter in 2 hr. In similar experiments with silvered Y orkmesh, iodine
levels in the condensate and pressurizer were even lower relative to the
high-pressure loop. The Y orkmesh efficiency depended strongly on how
densely it was packed. The iodine removal efficiencies calculated from
these experiments and others are given in Table 6-8. In laboratory experiments with a 1-in.-diameter bed which could not be tightly packed,
Y orkmesh efficiencies were consistently poorer than those of silvered
alundum.
The ability of a bed of silver-plated Yorkmesh to remove iodine from the
reactor system was apparently confirmed during the initial operating
period of the HRE-2 [17]. Here the iodine activity in the reactor fuel
appeared to be even lower than expected when iodine was removed at
the same fractional rate as fuel solution was let down from the highpressure system. Less than 3% of the iodine produced during 40 Mwh of
operation was found in the fuel solution. Experience with the HRT
mockup indicates that the iodine not in solution was held on the silvered
bed.
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TABLE 6-8
IomNE REMOVAL EFFICIENCY OF SILVERED BEDS IN HRT MocKUP
Bed height,

Temperature,

Efficiency,

m.

oc

8
8
5

150
120
110

97.7
81.0
64.0

Yorkmesh, 22 lb/ft3

10

120

97.0

Yorkmesh, 29 lb/ft3

6

120

99.6

Absorber
Silvered alundum
rings

%

6-6. URANYL SULFATE BLANKET PROCESSING*

6-6.1 Introduction. The uranyl sulfate blanket solution of a plutonium
producer is processed to remove plutonium and to control the neutron
poisoning by corrosion and fission products. Although a modified Purex
solvent extraction process can be used for plutonium removal, the method
shown schematically in Fig. 6-3, based on the low solubility of plutonium
in uranyl sulfate solution at 250°0, appears more attractive. A hydroclone
similar to that used for reactor core processing is used to produce a concentrated suspension of Pu02 along with solid corrosion and fission products. The small volume of blanket solution carrying the plutonium is
evaporated to recover the· heavy water and the solids are dissolved in
nitric acid. After storage to allow Np 239 to decay, plutonium is decontaminated by solvent extraction.
6-6.2 Plutonium chemistry in uranyl sulfate solution. The amount of
plutonium remaining dissolved in 1.4 m U0 2S04 at 250°0 is dependent
on a number of variables, including solution acidity, plutonium valence,
and initial plutonium concentration. Under properly controlled conditions, less than 3 mg/kg H20 has been obtained. Since plutonium is removed from solution by hydrolysis to Pu02, solubilities are increased by
increasing the acidity. Table 6-9 summarizes data on the solubility behavior of plutonium for various acidities.

*Contribution from R. E. Leuze.
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6-9

SOLUBILITY OF TETRAVALENT PLUTONIUM
IN

1.4 m U0 2S04

AT

250°q

Excess sulfuric acid,
m

Pu(IV) solubility,
mg/kgH20

0
0.1
0.2
0.3
0.4

3.7
17
39
68
105

Plutonium behavior is difficult to predict because of its complex valence
pattern. In the absence of irradiation, plutonium dissolved in 1.4 m U02S01
under a stoichiometric mixture of hydrogen and oxygen at 250°C exists in
the tetrapositive state. However, when dissolved chromium is present or
when an overpressure of pure oxygen is used, part of the plutonium is oxidized to the hexapositive state. Experiments indicate that in the presence
of Co60 gamma irradiation [18], reducing conditions prevail even under an
oxygen pressure and plutonium is held in the tetrapositive state. The
valence behavior discussed here is somewhat in question, since actual
valence measurements were made at room temperature immediately after
cooling from 250°C. It is known that tetrapositive plutonium will disproportionate upon heating [19]. The disproportionation in a sulfate system
is depressed by the sulfate complex formation with tetrapositive plutonium. These results indicate that plutonium in a reactor will be predominantly in the tetrapositive state.
When the plutonium concentration exceeds the solubility limit, plutonium will hydrolyze to form small particles of Pu0 2 about 0.5 micron
in diameter and in pyrex, quartz, or gold equipment forms a loose precipitate with negligible amounts adsorbed on the walls .. However, if these
solutions are contained in type-347 stainless steel, titanium, or Zircaloy,
a large fraction of the Pu0 2 adsorbs on and becomes incorporated within
the oxide corrosion film. Attempts to saturate the,se metal surfaces with
plutonium in small-scale laboratory experiments were unsuccessful even
though plutonium adsorption was as much as 1 mg/cm 2 •
6-6.3 Neptunium chemistry in uranyl sulfate solution. Neptunium dissolved in 1.4 m U0 2S0 4 at 250°C under air, stoichiometric mixture hydrogen and oxygen, or oxygen is stable in an oxidized valence state, prob-
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ably Np(V). The solubility is not known, but it is greater than 200 mg/kg
H 20. Since the equilibrium concentration is only about 50 mg/kg H 20,
for a 1.4 m U02S04 blanket with an average flux of 1.8 X 10 14 neutrons/(cm2) (sec), all the neptunium should remain in solution in most
reactor designs.
6-6.4 Plutonium behavior under simulated reactor conditions. Plutonium behavior in actual uranyl sulfate blanket systems has not been
studied; however, small-scale static experiments with 100 ml of solution
and circulating loop experiments with 12 liters of solution have been carried out in the absence of irradiation under conditions similar to those expected in an actual reactor.
In the static experiments, plutonium was added batchwise to 1.4 m
U02S04 at a rate of about 6 mg/kg H20/day. The solution was heated
overnight in a pyrex-lined autoclave at 250°C under 200 psi hydrogen and
100 psi oxygen. The solution was cooled to room temperature for analysis
and for adding more plutonium. This was repeated until a total of 140 mg
of plutonium per kilogram of water was added. Small disks of type-347
stainless steel were suspended in the solution throughout the experiment to
determine the amount of plutonium adsorption. The behavior of plutonium for a stainless-steel surface area/solution volume ratio of 0.6 cm2/ml
is shown in Fig. 6-13. As the plutonium concentration was gradually increased to 45 mg/kg H 20, essentially all the plutonium remained in solution as Pu(VI). There was a small amount of adsorption, but no precipitation. During the next few additions the amount of plutonium in solution
decreased rapidly to about 5 mg/kg H20. At the same time there was a
rapid increase in plutonium adsorption and in the formation of a loose
Pu0 2 precipitate. All plutonium added after this was either adsorbed or
precipitated.
Other experiments were made with surface/volume ratios of 0.2 and
0.4 cm2/ml. In all cases, the plutonium remaining in solution and the plutonium adsorption per square centimeter were essentially the same as
that shown in Fig. 6-13. Thus, by decreasing the surface/volume ratio,
it is possible to increase the amount of plutonium in the loose precipitate.
For example, when the total plutonium addition was 130 mg/kg H 20, 40%
of the plutonium was as a loose precipitate for a surface/volume ratio of
0.6 cm2/ml, 60% for a ratio of 0.4 cm2/ml, and 68% for a ratio of
0.2 cm2/ml.
Plutonium behavior under dynamic conditions was studied by injecting
dissolved plutonium sulfate and preformed Pu0 2 into a circulating stream
of 12 liters of 1.4 m U02S04 at 250°C under 350 psi oxygen. This solution
was contained in a type-347 stainless steel loop equipped with a canned
rotor pump, a hydroclone, metal adsorption coupon holders, and a small
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FIG. 6-13. Plutonium behavior in uranyl sulfate solution contained in type-347
stainless steel.

pressure vessel that could. be connected and removed while the loop was in
operation. Plutonium was added and circulating-solution samples were
taken through this vessel. Tetrapositive plutonium added to the circulating
solution was completely oxidized to hexapositive in less than 5 min. When
45 mg/kg H 2 0 of dissolved plutonium was added every 8 hr, the amount
of plutonium circulating in solution increased to a maximum of about
150 mg/kg H 2 0. As more plutonium was added, it was rapidly adsorbed
on the loop walls. After the last addition of plutonium, the loop was
operated at 250°C for several days. Twelve hours after the last addition
the plutonium concentration had decreased to 100 mg/kg H20, and about
40 hr later the amount of plutonium in solution had dropped to an apparent equilibrium value of 60 mg/kg H20. Essentially all the plutonium
removed from solution was adsorbed on equipment walls uniformly
throughout the loop. Less than 0.13 of the plutonium was removed in

330

CHEMICAL PROCESSING

[CHAP. 6

the hydroclone un'derfiow, and no precipitated solids were circulating.
Even when 850 mg of plutonium as preformed Pu0 2 was injected into the
loop, no circulating solids were detected 5 min later. Only 20% of this plutonium was removed by the hydroclone, 35% was adsorbed on the stainless
steel, and the rest was distributed throughout the horizontal sections of
the loop as loose solids. The hydroclone was effective for removing solids
that reached it, but the loop walls and low velocity in horizontal pipes
were effective traps for Pu02.
There are several differences in conditions between the loop runs and an
actual reactor, the most important of which are probably the presence of
radiation, the lower surface/volume ratio (0.4 compared with 0.8 cm2/ml
for the loop), the slower rate of plutonium growth in the reactor (12 to
15 mg/kg H 20/day) and the probability that a plutonium producer
would have to be constructed of titanium and Zircaloy to contain the concentrated uranyl-sulfate solution. Based on these laboratory results, however, it appears that plutonium adsorption on metal walls may be a serious
obstacle to processing for removal of precipitated Pu02.
6-6.5 Alternate process methods. Because of the problem of plutonium
adsorption on metal walls, removal methods based on plutonium concentrations well below the solubility limit have been considered. In a fullscale reactor plutonium will be formed at the rate of up to 12 to 15
mg/kg H 20/day. In order to keep the plutonium concentration below
3 mg/kg H 20, the entire blanket solution must be processed at least four
to five times a day. By adding 0.4 m excess H2S04 (see Table 6-9), the
plutonium solubility is increased to greater than 100 mg/kg H20 and the
blanket processing rate can be decreased to once every 3 or 4 days. Slightly
longer processing cycles can be used if part of the plutonium is removed as
neptunium before it decays.
Of the various alternate processes considered, ion exchange and adsorption methods show the most promise. Dowex-50 resin, a strongly
acidic sulfonic acid resin loaded with U02++, completely removed tetrapositive plutonium from 1.4 m U02S04 containing 20 mg of plutonium
per liter [20]. The resin capacity under these conditions, however, has not
been determined. Because of the high radiation level it may not be feasible
to use organic resins. Sorption of plutonium on inorganic materials shows
some possibilities as a processing method [21]. Although rather low plutonium/adsorber ratios have been obtained, indications are that capacities
will be significantly higher at higher plutonium concentrations. Special
preparation of the adsorbers should also increase capacities. Attempts to
coprecipitate plutonium with tri- or tetrapositive iodates, sulfates, oxalates,
and arsenates were not successful, owing to the high solubilities of these
materials in 1.4 m U02S04.
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6-7.

THORIUM OXIDE BLANKET PROCESSING

6-7.1 Introduction. At the present the only practical method available
for processing irradiated thorium-oxide slurry is to convert the oxide to a
natural water-thorium nitrate solution and treat by the Thorex process.
Although this method is adequate, it is expensive unless one plant can be
built to process thorium oxide from several full-scale power reactors.
Therefore methods for Th02 reprocessing which could be economically incorporated into the design and operation of a single power station have
been considered. Alternate methods that have been subjected to only brief
scouting-type experimentation are discussed in Article 6-7.3.
6-7.2 Thorex process.* The Thorex process has been developed to separate thorium, U 233 , fission product activities, and Pa 233 ; to recover the
thorium and uranium as aqueous products suitable for further direct
handling; and to recover isotopically pure U 233 after decay-storage of the
Pa 233 . The flowsheet includes two solvent-extraction cycles for thorium
and three solvent-extraction cycles plus ion exchange for the uranium.
Although only irradiated thorium metal has been processed, the process is
expected to be satisfactory for recovery of thorium and uranium from
homogeneous reactor fuels.
The Thorex process may be divided into three parts: feed preparation,
*Contribution from W. T. McDuffee.
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solvent extraction, and product concentration and purification. These
three divisions are shown in Figs. 6-14, 6-15, and 6-16.
In the feed preparation step, uranyl sulfate solution from the reactor core
and thorium oxide from the blanket system, freed of D 2 0 and suspended in
ordinary water, are fed into the dissolver tank. The dissolvent is 13 N
nitric acid to which has been added catalytic amounts (0.04 N) of sodium
fluoride. When short-cooled thorium is being processed, potassium iodide
is added continuously to the dissolver to provide for isotopic dilution of
the large amount of fission-produced 11 31 which is present. The dissolver
solution is continuously sparged with air, and the volatilized iodine is removed from the off-gases in a caustic scrubber.
The dissolver solution is transferred to the feed adjustment tank where
aluminum nitrate is added, excess nitric acid recovered, and the resultant
solution made slightly acid-deficient by evaporating until a temperature
of 155°C is reached. During digestion in the feed adjustment tank any
silica present is converted to a form that will not cause emulsion problems
in pulse columns, and fission products generally are converted to forms
less likely to be extracted by the solvent (42% TEP in Amsco).
In the solvent extraction step thorium and uranium are co-extracted in
the first cycle; subsequent partitioning of thorium and uranium in the
second cycle gives two decontaminating cycles to both products while
using only five columns. For short-decayed thorium a reductant, sodium
hydrogen sulfite, is continuously added to the feed streams of both cycles
to decrease the effect of nitrite formed by irradiation. Without the sulfite
addition, the nitrite formed by radiation decomposition of nitrates converts ruthenium to a solvent-extractable form. Acid deficiency in the
second cycle feed is achieved by adding di basic aluminum nitrate (diban).
The spent organic from the second cycle is recycled to the first cycle as
the organic extractant. The spent solvent from the first cycle is processed
through a solvent-recovery system and reused as the organic extractant in
the second cycle.
In the uranium product concentration and purification step (Fig. 6-16),
uranium is isolated by ion exchange, using upflow sorption and downflow
elution. In this way a concentrated uranium solution in 6 N HNOa is obtained. This solution is stable enough for storage or is suitable as a feed
for the third uranium extraction cycle. The third uranium cycle is a
standard extraction-stripping solvent-extraction system using 153 TBPAmsco as the organic extractant. Although installed as a part of the complete Thorex flowsheet, the third cycle may be used separately for reprocessing long-stored uranium to free it of objectionable decay daughters
of u2a 2. When used as an integral part of the Thorex scheme, additional
decontamination of the uranium is achieved and the nitrate product is
well adapted for extended storage or future reprocessing.

TABLE

6-10

AVERAGE DECONTAMINATION FACTORS FOR THORIUM AND URANIUM PRODUCTS
IN THE THOREX PILOT PLANT

Thorium irradiated to 3500 grams of mass-233 per ton, two complete cycles for both uranium and thorium,
one additional uranium cycle for material decayed only 30 days.
Decontamination factors
Gross

Pa

Ru

Zr-Nb

Total rare earths

I

Thorium
400 days decayed
30 days decayed

1 x 10 5
4 x 104

1 x 104
7 x 106

4 x 10 3
200

3 x 10 5
3 x 104

2 x 106
2 x 106

9 x 108

Uranium-233
400 days decayed
30 days decayed

3 x 105
5 x 107

3 x 10 5
5 x 1010

2 x 105
4 x 10 6

8 x 10 5
7 x 10 6

9 x 108
3 x 108

3 x 107

-

-
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For return to an aqueous homogeneous reactor the decontaminated
uranium would probably be precipitated as the peroxide, washed free of
nitrate, and then dissolved in D2S04 and D20. Product thorium would
be converted to thorium oxide by methods described in Section 4-3.
The adaptability of the Thorex flowsheet just described to processing
thorium irradiated to contain larger amounts of U 233 per ton and decayed
a short time has been demonstrated in the Thorex Pilot Plant at Oak Ridge
National Laboratory [22]. Fifteen hundred pounds of thorium irradiated
to 3500 grams of U 233 per ton and decayed 30 days was processed through
two thorium cycles and three uranium cycles. The decontamination factors for various elements achieved with short-decayed material are compared in Table 6-10 with results obtained with longer-decayed material.
While the decontamination factors obtained with the short-decayed material compare favorably with the factors for the long-decayed material,
the initial activity in the short-decayed thorium was 1000 times greater
than in the long-decayed. Therefore, while the thorium and uranium
products did not meet tentative specifications after two complete cycles,
the uranium product did meet those specifications after the third uranium
cycle. Since the chemical operations necessary to convert these materials
to forms suitable for use in a homogeneous reactor can be carried out remotely, the products are satisfactory for return to a homogeneous reactor
after two cycles.

6-7.3 Alternate processing method.* Attempts to leach protactinium
and uranium produced in Th02 particles by neutron irradiation [23] indicate that both are rather uniformly distributed throughout the mass of
the Th0 2 particle, and migration of such ions at temperatures up to 300°C
is extremely slow. Since calculations show that the recoil energy of fragments from U 233 fission is sufficiently large to eject most of them from a
particle of Th0 2 not larger than 10 microns in diameter, this offers the
possibility of separating fission and corrosion products from a slurry of
Th0 2 without destroying the oxide particles. Such a separation, however,
depends on the ability .to remove the elements that are subsequently adsorbed on the surface of the Th02. Adsorption of various cations on Th02
and methods for their removal are discussed in the following paragraphs.
Trace quantities of such nuclides as Zr 95 , Nd 147 , Y 91 , and Ru 103 when
added to a slurry of Th0 2 in water at 250°C are rapidly adsorbed on the
oxide particles, leaving less than 10- 43 of the nuclides in solution. The
tracer thus adsorbed cannot be eluted with hot dilute nitric or sulfuric acid.
The adsorption of macroscopic amounts of uranium or neodymium on
Th0 2 at 250°C is less for oxide fired to 1600°C than for 650°C-fired oxide,
*Contribution from R. E. Leuze.
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TABLE 6-11
EFFECT OF CALCINATION TEMPERATURE ON
URANIUM AND NEODYMIUM ADsoRPTION oN TH02 AT 250°C

0.5 g of Th02 slurried at 250°C in 10 ml of 0.005 m Nd(NOa)a
or 0.05 m U02S04-0.05 m H2S04.

Calcination temperature,

Adsorption, mg/ g Th*

oc

650
850
1000
1100
1600

u

Nd

3.3-4.4
1.9--2.4
0. 72-1.10
0.08-0.19
0. 06-0.12

7.4
6.1
2.4
0.5
0.3

*Single numbers represent data from single experiments. In other cases the range
for several experiments is given.

TABLE 6-12

u SE OF PBO TO DECREASE CATION ADSORPTION ON TH02
0.2 g of Th02 plus various amounts of PbO coslurried in 10 ml of solution at
250°C for 8 hr.

Solids

PbO/Th02
wt. ratio

Solution

Cation adsorbed on Th02,
ppm

Th02
PbO+ Th02

0.2

0.002 m U02S04
0. 002 m U02S04

3100
220

Th02
PbO+Th02

0.2

0.001 m Ce(NOa)a
0. 001 m Ce(NOa)a

6200
10

Th02
PbO+Th02

0.4

0.01 m Nd tartrate
0.01 m Nd tartrate

2700
10
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as illustrated in Table 6-11. This change in amount of adsorption may be
almost entirely due to decrease in surface area of Th0 2 with increased
firing temperature. The surface area of 1600°C-fired Th0 2 is only 1 m 2/g
Th02, while the 650°C-fired Th0 2 has a surface area of 35 m 2/g Th0 2.
The cation adsorption on Th02 can be decreased by coslurrying some
other oxide with the Th0 2. The added oxide must adsorb fission products
much more strongly than Th02 and be easily separable from Th0 2. The
effectiveness of PbO in decreasing cation adsorption on Th02 is shown in
Table 6-12. When Pb0 2 was used, more than 993 of the cations added
to the Th0 2-Pb0 slurry was adsorbed on the Pb02. However, cations
adsorbed on Th02 were not transferred to Pb02 when it was added to
slurry in which the cations were already adsorbed on the Th02 particles.
Addition of dilute nitric acid to the Th0 2-Pb0 coslurry completely dissolved the PbO and the cations adsorbed on it without disturbing the Th02.
In all cases, cations adsorbed on Th0 2 at 250°C are so tightly held that
dilute nitric or sulfuric acid, even at boiling temperature, will not remove
the adsorbed material. However, the adsorbed ions can be desorbed by
refluxing the Th0 2 in suitable reagents under such conditions that only a
small amount of 1600°C-fired Th02 is dissolved. Under the same treatment Th02 fired to only 650°C would be 903 dissolved.
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CHAPTER 7
DESIGN AND CONSTRUCTION OF EXPERIMENTAL
HOMOGENEOUS REACTORS*
7-1.

INTRODUCTION

7-1.1 Need for reactor construction experience. The power reactor development program in the United States is characterized by the construction of a series of experimental reactors which, it is hoped, will lead for each
reactor type to an economical full-scale power plant. Outstanding examples
of this approach are afforded by the pressurized water reactor and boiling
water reactor systems. The development of pressurized water reactors
started with the Materials Testing Reactor, followed in turn by the Submarine Thermal Reactor (Mark I), the Nautilus Reactor (Mark II), and
the Army Package Power Reactor. Experience obtained from the construction of these reactors was applied to the full-scale plants built by the Westinghouse Electric Company (Shippingport and Yankee Atomic Electric
Plants) and Babcock & Wilcox Company (Consolidated Edison Plant).
Although many have argued that the shortest route to economic power
will be achieved by eliminating the intermediate-scale plants, most experts
believe that eliminating these plants would be more costly in the long run.
To quote from a speech by Dr. A. M. Weinberg [1], while discussing largescale reactor projects: "The reactor experiment-a relatively small-scale
reactor embodying some, 'but not all, the essential features of a full-scale
reactor-has become an accepted developmental device for reactor technology."
An alternative to the actual construction of experimental nuclear reactors
has been proposed which consists of the development of reactor systems
and components in nonnuclear engineering test facilities, zero-power critical
experiments, and the testing of fuel elements and coolants in in-pile loops.
This approach, although used successfully in the development of various
solid-fuel coolant systems, is not completely applicable to circulating-fuel
reactors because of the difficulty of simulating actual reactor operating
conditions in such experiments. In in-pile loops, for example, the ratio of
the volume of the piping system to the volume of the reacting zone is never
quite the same as in a reactor, making it impossible to duplicate simultaneously the conditions of fuel concentration, enrichment, and power
density. In cases where these variables are important, the in-pile loops
*Prepared by J. A. Lane, with contributions from S. E. Beall, S. I. Kaplan, Oak
Ridge National Laboratory, and D. B. Hall, Los Alamos Scientific Laboratory.
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can at best provide information of an exploratory nature which must be
verified in an operating fluid-fuel reactor.
A second aspect of circulating-fuel reactors, which precludes relying
solely on engineering tests and in-pile loops, is the close interrelation of the
nuclear behavior and the operational characteristics of the fuel circulation
system, which can be determined only through construction and operation
of a reactor. Other aspects of reactor design that can be best determined
in an operating homogeneous reactor are continuous removal of fission
products produced in the nuclear reaction and remote decontamination
and maintenance of reactor equipment and piping.

7-1.2 Sequence of experimental reactors. It is obvious from the foregoing that the construction of a sequence of experimental reactors has been
an important factor in the development of homogeneous reactors. In this
sequence, which started with nonpower research reactors, seven such
reactors have been built (not including duplicates of the water boilers).
These are the Low Power Water Boiler (LOPO), the High Power Water
Boiler (HYPO), the Super Power Water Boiler (SUPO), the Homogeneous
Reactor Experiment (HRE-1), the Homogeneous Reactor Test (HRE-2),
and the Los Alamos Power Reactor Experiments (LAPRE-I and -2).
In the sections of this chapter which follow, these reactors are described
in detail, and their design, construction, and operating characteristics are
compared. Their construction covers the regime of homogeneous reactor
technology involving the feasibility of relatively small reactors fueled with
aqueous solutions of uranium. Since their construction and operation does
not include systems fueled with aqueous suspensions of thorium oxide
and/ or uranium oxides necessary for the development of full-scale homogeneous breeders or converters, additional experimental reactors will undoubtedly be built.
7-2.

WATER BOILERS*

7-2.1 Description of the LOPO, HYPO, and SUPO [2-4]. Interest in
homogeneous reactors fueled with a solution of an enriched-uranium salt
was initiated at the Los Alamos Scientific Laboratory in 1943 through an
attempt to find a chain-reacting system using a minimum of enriched fuel.
The first of a sequence of such reactors, known as LOPO (for low power),
went critical at Los Alamos in May 1954 with 565 grams of U 235 as uranyl
sulfate. The uranium, containing 14.53 U 235 , was dissolved in approximately 13 liters of ordinary water contained in a type-347 stainless steel
sphere 1 ft in diameter and 1/32 in. in wall thickness. The sphere was sur*Prepared from reports published by Los Alamos Scientific Laboratory and
other sources as noted.
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rounded by beryllium oxide as reflector in order to minimize the critical
mass of the U 23 5. The lack of a shield and cooling system limited the heat
power level of LOPO to 50 milliwatts. A cross-sectional drawing of the
LOPO is shown in Fig. 7-1.
Following successful low-power operation of the LOPO, the reactor was
provided with a thicker sphere (1/16 in.), integral cooling coils, and a
shield to permit operation at 6 kw. Also, part of the beryllium oxide
reflector was replaced by a graphite thermal column, and holes through
the shield and reflector were provided for experiments. The critical mass
of the modified reactor was 808 grams of U 235 as uranyl nitrate at 14.03
enrichment, contained in 13.65 liters of solution. The change from uranyl
sulfate to nitrate was made because an extraction method for the removal
of fission products was known only for the latter solution at that time. The
modified reactor, called HYPO (high power), went critical in December
1944 and operated at a normal power of 5.5 kw, producing an average
thermal-neutron flux of 10 11 neutrons/(cm 2 )(sec). The temperature of
the solution during operation reached l 75°F with cooling water (50 gal/hr)
at 46°F.
Since higher neutron fluxes were desired, as well as more research facilities
than available from HYPO, the reactor was further modified and renamed
SUPO (super power water boiler).
The modifications were made in two parts. The first phase, begun in
April 1949 and completed in February 1950, improved the experimental
facilities and increased the neutron flux. The second phase, begun in
October 1950 and completed in March 1951, increased the thermal neutron
irradiation facilities, improved the reactor operation, and removed the
explosive hazard in the exhaust gases.
The first group of alterations consisted of the following:
(1) The space around the reactor was increased by enlarging the building
so that experiments could be carried out on all four sides instead of only two.
(2) The construction of a second thermal column was made possible by
eliminating a removable portion of the reactor shield. This made available
a neutron beam and irradiation facilities on a previously unused face of the
reactor.
(3) The entire spherical core assembly was replaced as follows:
(a) Three 20-ft-long, 1/4-in.-OD, 0.035-in.-wall-thickness stainless
steel tubes replaced the former single cooling coil. This increased the
operating power level from 5.5 kw to a maximum of 45 kw.
(b) A new removable level indicator and exit gas unit was installed
in the sphere stack tube. The stack tube itself was made more accessible
for future modifications.
(c) External joints were not welded, but unions of flare fittings
were used to simplify the removal of the sphere or permit pipe replacements.
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FIG. 7-1. Cross section of LOPO, the first aqueous solution reactor.

(d) An additional experimental hole was run completely through the
reactor tangent to the sphere. This 1176 -in.-ID tube supplemented the
1-in.-ID "glory hole" running through the sphere.
(4) The beryllium portion of the reflector was replaced by graphite.
The all-graphite reflector gave a more rapid and complete shutdown of the
reactor and eliminated the variable starting source produced by the ('Y,n)
reaction on beryllium. A 200-millicurie RaBe source placed in the reflector
was used as a startup neutron source.
(5) Two additional vertical control rods were added which moved into
the sphere in re-entrant thimbles. These consisted of about 120 grams
of sintered B 10 in the form of 9; 16-in. rods about 18 in. long. These
rods gave the additional control required by the change to an all-graphite
reflector. Previously observed shadow effects were eliminated by the internal position of the rods and by the location of the control chambers
under the reactor.
(6) The reactor solution was changed from 153 U 235-enriched uranyl
nitrate to one of 88.73 enrichment. This made possible the continued use
of a low uranium concentration in the solution with the poorer all-graphite
reflector. The gas evolution produced by nitric acid decomposition was
greatly reduced, due to the lower total nitrogen content.
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(7) The entire inner reactor shield was improved to permit higher power
operation with a low neutron leakage and also to increase the neutron-togamma-ray intensity in the thermal columns. Cadmium was replaced by
B 4 C paraffin and additional steel shielding was added.
After operating the reactor with the above modifications for about 10,000
kwh at a power of 30 kw, the following (second group) alterations were
made:
(1) The original s.outh thermal column was completely rebuilt, with
improved shielding to provide many more irradiation facilities.
(2) A recombination system was constructed to handle the off-gases from
the reactor. The use of a closed circulating gas system with a catalyst
chamber of platinized alumina removed any explosive hazard in the exhaust gases due to the presence of hydrogen and oxygen. The operating
characteristics of the reactor were greatly improved by returning directly
back to the reactor as water all but a very small fraction of the gases
produced.
(3) A shielded solution-handling system was constructed to simplify
the procedure of routine solution analysis and for the removal or change of
the entire reactor solution.
The average neutron flux in the SUPO during operation at 45 kw is
about 1.1 X 1012 neutrons/(cm 2)(sec), and the peak thermal flux (in the
"glory hole") is 1.7 X 1012 neutrons/(cm 2)(sec). Estimated values for the
maximum intermediate and fast fluxes at 45 kw are 2.8 and 1.9 X 1012 neutrons/ (cm2) (sec), respectively. Calculations made from fast beams emerging from the north thermal column at this same power level gave the following fast-flux values above 1 Mev in units of neutrons/(cm 2) (sec):
(1) at sphere surface, 1.1 X 1012 ; (2) at bismuth column, 7 X 1010 ; and
(3) at a graphite face 1 ft in front of the bismuth column, 2 X 109 .
The production of hydrogen plus oxygen due to radiation decomposition
amounts to approximately 20 liters/min during operation of the reactor at
45 kw. These gases leave the reactor core and pass through a reflux condenser which removes much of the water vapor and then through a stainless
steel-wool trap for final moisture removal. A blower feeds the gas into one
of two interchangeable catalyst chambers containing platinized alumina
pellets. These chambers, operating at 370 to 470°C, recombine the hydrogen and oxygen, and the gas leaving the catalyst contains the water
vapor formed. A second condenser reduces the temperature of the exit
gas to that entering the catalyst chamber. A total of 100 liters/min of gas
is circulated continuously in the closed gas system at pressures slightly
above atmospheric, and the hydrogen concentration is kept below the
detonation limit at all points of the system. Excess pressures produced in
the gas system can be bled to the atmosphere through a 150-ft-high exhaust
stack.
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The characteristics of LOPO, HYPO, SUPO, and the North Carolina
State College Water Boilers are summarized in Table 7-1.
TABLE

7-1

DESIGN CHARACTERISTICS OF WATER BOILERS

LOPO

HYPO

SUPO

NCSR [5]

Power level, kw

5 x 10- 5

5.6

45

10

Solution (in H20)

U02S04

U02(NOa)2

U02(N03)2

U02S04

U 235 wt., grams

565

870

870

848

Solution volume,
liters

13

13.65

13.65

15

Enrichment, %

14.6

14.0

88.7

90

Maximum thermalneutron flux

3 x 10 6

2.8 x 1011

1.7x 1012

5 x 1011

Reflector material

BeO

Be and
graphite

Graphite

Graphite

Coolant flow rate
gal/hr

None

50

180

240

Solution temperature, °C

39

85

85

80

2 thermal
columns ("glory
hole" and
tangential hole)

1 thermal
column
12 exposure
ports

Experimental
facilities

None

1 thermal
column

7-2.2 Kinetic experiments in water boilers. In August 1953, experiments were performed on the SUPO by a group of scientists from the Oak
Ridge National Laboratory and Los Alamos [6,7] to determine the degree
to which a boiling (and nonboiling) homogeneous reactor automatically
compensates for suddenly imposed supercritical conditions. Previous
boiling experiments in 1951, unreported in the open literature [8], had
indicated the stability of SUPO under steady-state boiling conditions;
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however, there remained considerable doubt as to the adaptability of a
reactor of this type to a sudden introduction of excess reactivity such as
might occur with a sudden increase in pressure above the reactor. The
tests were performed by suddenly ejecting a neutron poison, consisting of
an aluminum rod containing boron carbide at its tip, and simultaneously
measuring the neutron flux level with high-speed recorders connected to
a boron-coated ionization chamber located in the graphite reflector. The
amount of reactivity introduced was determined by the position of a
calibrated control rod. Although the experiments were interrupted by
frequent accidental scrams, caused by the unsuitability of SUPO to boiling at high solution levels in the sphere, the results indicated that both
boiling and nonboiling solution reactors are capable of absorbing reactivity increases of at least 0.43 kerr added in about 0.1 sec. In both boiling
and nonboiling cases, the reactor power was self-regulating, but excursions were terminated more rapidly under boiling conditions. The average
lifetime of prompt neutrons in the reactor was calculated from the initial
prompt rise in the neutron flux and found to be about 1.7 X 10- 4 sec.
Following a reactivity addition, the initial rate of reactivity decrease
(0.2 sec after start) was greater than about five times the rate which could
be attributed to core-temperature rise and the associated negative temperature coefficient (0.0243 keffl°C). As the gas bubbles left the core region,
reactivity decrease due to core-temperature rise increased in relative
importance.
More recent experiments with the Kinetic Experiment for Water Boilers
(KEWB-1), operated by Atomics International for the U. S. Atomic
Energy Commission [9], have verified the self-controlling features of a
solution-type reactor. It was found that automatic shutdown due to the
temperature increase and formation of gas bubbles in the reactor fuel
solution occurs under all abnormal operating conditions tested.
7-2.3 The North Carolina State College research reactor [5]. The simplicity of the Water Boiler reactor has made it of interest as a laboratory
tool for experimental work with neutrons and gamma rays and also to
provide training in reactor operation, and ten such reactors were in operation or planned in the United States by the end of 1957. The first collegeowned nuclear research reactor, which started operating at 10 kw in September 1953 at North Carolina State College, Raleigh, North Carolina,
was of this type. It was completed after four years of planning, design,
and construction, at a cost of $130,000 for the reactor, plus $500,000 for
the reactor building and associated laboratory equipment. It differs from
the Los Alamos SUPO in that the fuel container is a cylinder 11 in. in
diameter and 11 in. high, rather than a sphere. Its experimental facilities
include 12 access ports and a thermal column.
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In June 1955, the reactor was shut down because of leaks which developed
in the fuel container and permitted the radioactive fuel to contaminate the
inside of the reactor shield. After a major repair job, operation of the
reactor with a new core was resumed in March 1957 at a power level of
500 watts, and the reactor has operated successfully at that level for a year.
7-2.4 Atomics International solution-type research reactors. Several
versions of the Water Boiler are being offered commercially by various
companies. The major supplier is the Atomics International Division of
North American Aviation Company which has built, or is building, 11 such
reactors. Low-power reactors are: the 1-watt Water Boiler Neutron Source
(WENS) originally at Downey, California, which was moved to Santa
Susana and modified to operate at 2 kw; a new 5-watt laboratory reactor
(L-47) for Atomics International; the 100-watt Livermore Research
Reactor at Livermore, California; and a 5-watt reactor planned for the
Danish Atomic Energy Commission at Risi), Denmark. Higher power
Water Boilers, operating at 50 kw, include the Kinetic Experiment for
Water Boilers (KEWB-1) at Santa Susana; the UCLA Medical Facility
at Los Angeles, California; and reactors for the Armour Research Foundation in Chicago, Illinois; the Japan Atomic Energy Research Institute at
Tokai, Japan; Farbwerke Hoechst A. G. at the University of Frankfurt,

~

Movable Concrete Door 1
--0

Fm. 7-2. Armour Research Foundation research reactor (courtesy of Atomics
International, a division of North American Aviation Co.)
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West Germany; the Senate of West Berlin (Institute for Nuclear Research),
Germany; and the Politecnico Enrico Fermi Nuclear Study Center at
Milan, Italy.
The first solution-type research reactor for industrial use went into
operation in June 1956. The general features of this reactor, which Atomics
International built for the Armour Research Foundation at the Illinois
Institute of Technology, Chicago, Illinois, are shown in Fig. 7-2.
The exposure facilities include one 6-in.-diameter beam tube extending
radially to within 2 ft of the core tank and 4 in. in diameter from there
to the core tank; two 4-in. and two 3-in. beam tubes extending radially to
the core tank; two 2-in. through-tubes passing tangentially to the core
tank; one 1~-in.-diameter tube passing through the central region of the
core; four 4-in. vertical tubes located in the reflector; one 5 ft X 5 ft graphite
thermal column with a 12-in.-square removable section. The tube facilities
consist of steel sleeves extending through the concrete shield and aluminum
thimbles or liners which reach to the immediate vicinity of the core. Each
tube facility is equipped with a graphite reflector plug and a dense concrete-and-steel shielding plug to be installed when the facility is not in use.
The horizontal thermal column is formed by a 5-ft-square column of
graphite, in the center of which are nine removable graphite stringers. A
large volume which may be used for exposures is provided between the
end of the thermal column and the inner face of a movable concrete door.
The thermal column access ports open into this volume.
To take advantage of the 50,000 curies of gamma activity produced by
the fission-product gases circulating through the gas recombiner tank,
exposure facilities are provided which extend from the subpile room into
the exposure room and into the valve room. The facilities listed below
consist of steel sleeves and aluminum thimbles which extend through the
dense concrete walls of the exposure room.
2 gamma ports, 4 in. diameter
2 gamma ports, 8 in. diameter
1 rectangular gamma slot, 6 in. X 18 in.
In addition, two 4-in.-diameter gamma ports extend from the subpile
room into the valve room. As with the beam tubes, each port is equipped
with a plug to be installed for shielding purposes when the port is not in use.
7-3. THE HOMOGENEOUS REACTOR EXPERIMENT (HRE-1) [10-13]*
7-3.1 Introduction. In 1950 the Oak Ridge National Laboratory undertook the task of designing, building, and operating a pilot-plant fluidfuel reactor, the Homogeneous Reactor Experiment (HRE-1), shown in
*Based on a paper by C. E. Winters and S. E. Beall [IO].
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FIG. 7-3. The homogeneous reactor experiment (HRE-1).

Fig. 7-3. The purpose of this reactor was to investigate the nuclear and
chemical characteristics of a circulating uranium solution reactor at
temperatures and powers sufficiently high for the production of electricity
from the thermal energy released. Specifically, it was designed to operate
with a full-power heat release of 0.6 to 3.5 million Btu/hr (200 to 1000 kw
of heat), and a maximum fuel-solution temperature of 482°F, yielding,
after heat exchange, a saturated-steam pressure of about 200 psi.
During the 24-month period in which the reactor was in operation,
starting in April 1952, liquid was circulated for a total of about 4500 hr.
The reactor was critical a total of 1950 hr and operated above 100 kw for 72Q
hr. The maximum power level attained was 1600 kw. The reactor was shut
down in the spring of 1954 and dismantled to make room for the Homogeneous Reactor Test (HRE-2), having successfully demonstrated the
nuclear stability of a circulating-fuel reactor. The characteristics of the
HRE-1 are summarized in Table 7-2.
7-3.2 The reactor fuel system. The reactor core consisted of a stainless
steel sphere 18 in. in diameter, through which was circulated 100 to 120 gpm
of 933 enriched uranyl sulfate dissolved in distilled water. The temperature
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TABLE 7-2
CHARACTERISTICS OF HRE-1
Power, heat
Fuel
Fuel concentration
U 235 in core
Core
Pressure vessel
Reflector
Specific power
Fuel inlet temperature
Fuel outlet temperature
System pressure
Gas removal system
Radiolytic gas recombination
Control system
Shielding
Steam temperature
Steam pressure
Electrical capacity

1000 kw
U02S04 (933 enriched) in H20
,.._,30 g U 235 per liter (0.17 m U02S04)
1.5- 2 kg
18 in. diameter, stainless steel
39 in. ID, 3 in. thick, forged steel
10 in. D20, pressurized with He
20 kw/liter
210°C
250°C
1000 psi (430 psi above vapor pressure)
Vortex flow through core
CuS04 (internal); flame and catalytic recombination (external)
Reflector level, safety plates, temperature
control
7 ft barytes concrete
382°F
200 psi
140 kw

rise of the solution passing through the core was about 72°F at a power
level of 1000 kw. The liquid was discharged from the core at a temperature
of 482°F, and cooled to 410°F by evaporating water from the shell side of a
U-tube heat exchanger, thus generating about 3000 lb/hr of 200 psi steam.
A canned-rotor centrifugal pump returned the fuel to the core to be reheated. The total volume of solution in the high-pressure system was about
90 liters, of which 50 liters were in the core. A schematic flow diagram of
HRE-1 is shown in Fig. 7-4.
A total pressure of 1000 psi was maintained in the fuel system by heating
a small volume of fuel to 545°F in a pressurizer chamber directly above the
sphere. The 1000 psi total pressure, which is over 400 psi greater than is
required to prevent boiling of the fuel solution, was necessary to minimize
the volume of decomposition gases.
7-3.3 The reflector system. The reflector of JIRE-1 was a 10-in. layer
of heavy water surrounding the core vessel. The heavy water was pressurized with helium to within ±100 psi of the fuel pressure in order to minimize
stresses in the 3/16-in. wall of the spherical fuel container. Both the
reflector and the concentric core were contained in an outer pressure vessel
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Frn. 7-4. Schematic flow diagram, HRE-1.

of forged steel, 39 in. in inside diameter, with a 3-in.-thick wall. A 24-in.,
1500-psi standard ring-joint flange at the top of the vessel permitted
removal of the inner core.
In order to limit thermal stresses and to reduce corrosion of the steel
vessel, the reflector temperature was regulated near 350°F. About 50 kw
of heat conducted from the fuel core to the reflector liquid was removed by
circulating the heavy water with a 30-gpm canned-rotor pump through a
reflector cooler which acted as a boiler feedwater preheater. A jet was
located in this high-pressure circulating loop, the suction of which drew a
continuous stream of gas from the vapor space above the reflector to a
catalytic recombiner so that the concentration of deuterium and oxygen
gases in this vapor space could be kept below explosive limits ..
Some measure of nuclear control was obtained by changing the level of
the reflector. The level could be lowered by draining liquid through a valve
to storage tanks, or raised by starting a feed pump. This pump, which
employed a hydraulically driven diaphragm with check valves, had a
capacity of approximately 2 gpm against 1000 psi. Its intake was connected
to supply tanks at atmospheric pressure, located below the reactor. These
tanks also served as degas chambers for the reflector liquid whi.ch was discharged from the pressure vessel. Helium, water vapor, and D2 and 02

352

EXPERIMENTAL REACTOR DESIGN AND CONSTRUCTION

[CHAP.

7

gas liberated here passed upward through a condenser to a small lowpressure catalytic bed where the 02 and D2 gases were recombined to D20.
Cold traps operated at -20°F were included in the reflector-system vent
lines to prevent the loss of D20 or its contamination with H20 vapor.
7-3.4 The fuel off-gas system. When the reactor was operating, without copper sulfate in the fuel solution, the fuel solvent (H20) was decomposed by the energy of fission to yield a stoichiometric mixture of hydrogen
and oxygen gas at a rate of 0.28 cfm (10 cfm at STP). In addition to this
large volume of decomposition gases, there was also produced a very small
volume (20 cc/day) of intensely radioactive fission gas. If these gases had
not been removed and replaced by more liquid, excessive pressures would
soon result, and since virtually all of this gas was liberated within the core,
the displacement of fuel solution by the gas would make it impossible for
the chain reaction to continue. For this reason, the gas was continuously
separated from the fuel in the core by injecting the main circulating stream
tangentially near the equator of the sphere, which caused the fluid to rotate
and form a vertical cylindrical vortex approximately 1/4 in. in diameter.
The centrifugal action of the rotating fluid served to separate the decomposition and fission gases from the liquid to the vortex, the axis of which
was aligned with the fuel outlet. A nozzle with a central opening in the
fluid outlet allowed the removal of gas from the vortex. This gas plus
about 0.8 gpm of the fuel solution was passed through the outer annulus of
a countercurrent, concentric-tube heat exchanger, which was partially
cooled by 0.8 gpm flow of fresh makeup liquid being pumped back to the
core. The cooled mixture of gas and liquid was then throttled through a
valve into a gas separator which was connected to the fuel-solution storage
tanks. The gas-steam mixture rose from the gas separator to a condenser
immediately preceding a flame recombiner, so that the gases leaving the
condenser were combustible and reunited to water in the flame of the recombiner shown in Fig. 7-4.
The flame recombiner is best described as an oversized Bunsen or Meeker
burner enclosed in a water-jacketed cylinder. In the HRE-1 no attempt
was made to use this 40 kw of high-temperature heat, although in larger
scale reactors this energy might be used to superheat steam about 70°F.
The exit gases from the flame recombiner contained only fission products
and small amounts of unrecombined hydrogen and oxygen. They were
passed through a catalytic recombiner which contained a platinized alumina
catalyst to eliminate the traces of hydrogen and oxygen. Also, the catalytic
bed was used to react the entire gaseous output at low reactor powers when
insufficient gas was being liberated to maintain a steady flame at the burner
of the flame recombiner. The catalytic bed was followed by a condenser
and cold traps to prevent the loss of water from the system. The gas stream
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at this point was composed mainly of excess oxygen plus the highly active
fission gases, mainly xenon, krypton, and their decay products. The activity of these gases was many orders of magnitude greater than the activity
which can be discharged directly to the atmosphere without the construction of a very expensive stack; therefore it was desirable to provide some
inexpensive means of storage for the dissipation of the radioactivity. This
was accomplished by passing the gases through cold traps to remove
moisture and adsorbing them onto water-cooled activated-carbon beds
which were buried underground outside the reactor building. It is estimated
that the equilibrium activity of the gases held on the carbon bed was 400,000
curies.*
The adsorption efficiency of the charcoal, even at ground temperature,
was good enough to prevent a discharge of activity greater than a few
curies per day. However, even this amount of activity had to be diluted
so that the atmospheric concentration at ground level was not greater
than 10- 13 curies/cc of air. Dilution was accomplished by feeding the
active gas into a 1000-cfm ventilating air stream from the reactor shield
and then to a 100-ft-high stack. During operation the gaseous activity
inside the stack barely exceeded inhalation tolerance.

7-3.5 Fuel concentration control. The condensate which was removed
from the vapor-gas mixture upstream of the recombiner was returned either
to the fuel storage tanks or to weighed holding tanks. The accumulation
of water in the holding tanks provided a means of increasing the concentration of fuel in the storage tanks underneath the reactor. Since fuel was
pumped continuously from the storage tanks to the high-pressure system
by means of a duplex-diaphragm type pump at a rate of 0.8 gpm, it was
possible to vary the concentration of the fuel which circulated through
the reactor. Figure 7-5 shows how the core temperature varied with fuel
concentration, in g/kg H 2 0. Furthermore, since the operating temperature
of the core was controlled by the fuel concentration as shown in this figure,
the operator had a convenient means of adjusting the solution temperature
to the desired level. This feature of variable concentration was employed
during startup of the reactor when the concentration had to be changed
by large amounts, and also during steady operation for small changes in
temperature. When sudden dilution of the fuel was desired, as in the case
of a complete shutdown, the condensate holdup tanks were quickly emptied
through a drain valve into the fuel-storage tanks, or condensate was pumped
directly into the core.
The steep slope of the curve in Fig. 7-5-i.e., the large negative temperature coefficient-was a feature which was extremely important from safety
*One curie equals 3.7 x 1010 disintegrations per second.
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Fm. 7-5. Dependence of critical fuel concentration on temperature in HRE-1.

and power-demand standpoints. For instance, a temperature rise of only
15°C was necessary to overcome a reactivity increase of 13, an amount
considered very dangerous in most solid-fuel reactors.
7-3.6 Power removal. The steam generated in the fuel heat exchanger
was fed to a conventional multistage condensing turbine generator rated
at 312 kva. With the reactor operating at 1000 kw and 250°C, a sufficient
quantity of steam at 200 psi was produced to generate about 140 kw of
electricity. Steam leaving the heat exchanger was first passed through a
time-delay drum with a radioactivity monitor at the inlet and a quickclosing valve at the outlet to prevent th'e escape of activity into the turbine
system in the event of boiler tube failure. Small feed pumps returned the
condensate from the turbine to the boiler.
Upoi:i increase in generator load, the turbine governor opened the
turbine throttle valves, increasing the steam demand, lowering the steam
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pressure and temperature, and reflecting itself into increased cooling of
the uranium solution, which automatically increased the reactivity of the
core and completely compensated for this increased load.
7-3. 7 Internal-recombination experiments. The use of copper dissolved
in the reactor fuel for the complete recombination of radiolytic gas was
successfully demonstrated in the HRE-1 [14]. Copper ion was added as
copper sulfate on four occasions, increasing the copper concentration to
10, 25, 75, and 1503 of that necessary for complete recombination (i.e.,
6.6 g CuS04/liter) in a static system at 250°C, at 1000 psig total pressure,
and at a uniform power density of 20 kw /liter. The investigation was
conducted at temperatures from 185 to 260°C, at pressures from 765 to
1200 psig, and at power levels as high as 1600 kw. In the main, the copper
behaved as expected from static bomb tests. The highest power level for
which all the gas was internally recombined was 1350 kw. In the course of
all copper experiments, including 350 hr of operation at the highest copper
concentration, 0.062 molar, no deleterious effects due to the presence of
copper were observed.
7-3.8 Nuclear safety. Although operating experience later verified early
predictions of the inherent safety of this reactor, at the time of design it
was considered judicious to incorporate conventional safety devices in the
reactor for protection against potentially dangerous situations which might
arise during low-power operation and until the dynamic stability had been
demonstrated by experiment. Safety measures in the order of their automatic action as installed to limit reactor power or power doubling time
were:
(1) Two magnetically coupled safety plates, worth about 45 g of uranium,
which by falling in 0.01 sec caused the reactor temperature to be lowered
from 250°C to approximately 243°C.
(2) Dumping of the reflector.
(3) Dilution of the fuel (this was the normal shutdown procedure).
(4) Stopping of the steam extraction by closing either a steam valve or
the turbine governor.
(5) Draining the fuel solution to the noncritical-geometry tanks below
the reactor.
Experiments demonstrated that the reactor was extremely fast-acting
with respect to limiting power surges and led to the belief that mechanical
control devices were unnecessary [15]. These consisted of a series of kinetic
experiments in which the power responses to reactivity increases were
observed. First, the entire range of normally available reactivity increases
-fuel concentration, rod withdrawal, and reflector level-was tested with
initial power levels as low as 10 watts and reactivity rates up to 0.053 per
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second. Then, in order to provide more drastic tests, the main fuel circulating pump was stopped, the reactor was maintained at a low power and
at high temperature, but the heat exchanger was cooled about 100°C.
When the pump was restarted, the cold fuel from the heat exchanger was
rapidly injected into the core, producing a rate of reactivity increase of as
much as 0.8% keff per second. The results of two experiments in which
only the initial powers differed are shown in Fig. 7--6; the power increased
in a period as short as 35 msec, reaching a peak of 10 M w in 1 sec, and then
approached the equilibrium power demand within 0.2 sec after the peak.
The calculated pressure rise associated with the peak power of 10 Mw
was only 5 psi.
In these experiments the worst combination of circumstances was imposed on the reactor. It was successfully demonstrated that the HRE-1
was sufficiently stable to withstand nuclear transients greater than those
expected from operating errors.
7-3.9 Leak prevention. A major problem in the HRE-1 was to maintain absolute leaktightness in all components. The radioactivity of the
solution during operation was about 30 curies/cc. Twenty-four hours
after shutdown the activity was about 3 curies/cc. With these high
activities, the total leakage from the system had to be kept below 1 cc per
day. A much better performance than this was attained through the use
of canned-rotor pumps, double tube-sheet exchangers, and bellows-sealed
valves.
All welded joints were made with extraordinary care and tested by several nondestructive methods before being approved for use. Flanged
joints were assembled with stainless steel ring gaskets of oval cross section
TABLE

HRE-1

7-3

CoNSTRUCTION CosT SUMMARY*

Building
Fuel and reflector equipment and piping
Instrumentation
Shield
Power system
Total construction cost for HRE-1

Total

% of total

$ 300,000
420,000
190,000
110,000
80,000
$1,100,000

27.5
38.2
17.6
9.7
6.9
100.0

*These costs include material, labor, and allocated overhead.
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FIG. 7-6. Power response of HRE-1 during reactivity increase of 0.83 k./sec.

and each joint contained a leak detection device for constant monitoring
(see Fig. 7-13). In addition, the ventilating air which flowed through each
equipment compartment was monitored constantly with gamma-radiation
detection devices. Although several leaks were experienced in the startup
phases, no leakage was found during the final 12-month period.
7-3.10 Shielding. As with all nuclear reactors, personnel had to be
protected from the high radiation levels which existed in the vicinity of
the reactor core. In the HRE-1 this protection was provided by a 7-ftthick shielding wall of high-density concrete. An increase in the density
of the concrete from 2.3 to 3.5 g/cc resulted from the use of barium sulfate
ore as the aggregate material. The shield was a departure from most reactor
shields in that it was constructed of loosely stacked block with only the
outer 16-in. layer of blocks being mortared.
7-3.11 Construction cost. The total construction cost of the reactor
was $1,100,000, which did not include the cost of fuel and heavy water.
Table 7-3 is a summary showing the cost of various parts of the system.
7-3.12 Maintenance. The maintenance of homogeneous reactors is
greatly complicated by the radioactivity of the parts, and in the HRE-1
it was often necessary to decontaminate equipment and to provide temporary protective shielding before repair work could be done. In most
cases the repair work had to be done with long-handled tools, which made
the job even more difficult. By the use of decontamination, shielding,
and extension tools, it was possible, however, to make a number of major
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repairs in radiation fields as high as 2000 r/hr, without exposing personnel
beyond accepted tolerances. In this regard remote viewing devices such as
mirrors, binoculars, and a Polaroid Land camera were found to be invaluable tools. The main circulating pump was replaced or repaired three
times under such conditions and the diaphragm feed pumps twice. In fact,
in no case of a breakdown was it impossible to make the necessary repairs.

7-3.13 Dismantling the HRE-1. After final shutdow.n·of the HRE-1
the reactor was decontaminated in preparation for disassembly. Over a
period of 30 days, starting with activity levels of the order of 1000 r/hr, the
activity was reduced sufficiently to permit dismantling of the system with
long-handled tools [16].
The decontamination treatment consisted of repeated washing alternately with 353 HN0 3 and aqueous solutions of 103 sodium hydroxide,
1.53 sodium tartrate, and 1.53 hydrogen peroxide. The over-all decontamination factors were 22 to 25, including decay, but the factor for
decontamination with a single reagent was only between 1 and 2.25.
Large amounts (of the order of 103 curies) of cerium, zirconium, barium,
lanthanum, strontium, niobium, and ruthenium were removed. The
significant contaminants remaining were zirconium and niobium, which
were bound in the oxide film. Although these could have been removed
from the system by descaling the oxide corrosion film, which would have
given a further decontamination factor of approximately 100, such a
treatment would have made it impossible to determine that no significant
corrosion had taken place during nuclear operation.
7-3.14 Critique of HRE-1 [17]. After the HRE-1 was put into operation, personnel associated with the Homogeneous Reactor Project were
1sked to suggest ways in which the design and construction of the reactor
and the associated development program might have been improved.
More than one hundred specific design changes were recommended, many
of which related to the difficulty of operating the reactor on a continuous
basis and the need for repairing and/ or replacing faulty equipment.
Among the many possible improvements recommended were the use
of high-pressure catalytic recombination; external gas separation (i.e.,
nonvortex core flow); spacing of equipment for easier inspection and maintenance; shielded, waterproof instrument lines; instrumentation for more
accurate fuel accountability; improved feed pumps; and provision for obtaining meaningful corrosion data.
The general conclusion reached was that the reactor construction schedule
(16 months) was too accelerated to allow good design and construction
practices to be put fully into effect. The component development and
testing program, in particular, suffered by the short time schedule in that
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pieces of equipment such as valves and pumps were not completely tested
before being used in the reactor.
The thorough analysis of the HRE-1 design provided a basis for the
subsequent design of the HRE-2, in which many of the suggested improvements were incorporated. These included: (a) greater accessibility of
equipment, (b) provision for flooding cells, (c) better shield construction
with metal walls to permit decontamination, (d) more accurate means for
measuring fuel inventories, and (e) elimination of screw-type fittings.

7-3.15 Summary of results. As a result of the operation of the HRE-1
and of the extensive experimental program conducted with it, several uncertainties were resolved regarding the nuclear and chemical behavior of
aqueous homogeneous reactors at the high temperatures and high pressures required for power generation. Included were demonstrations of (1)
a remarkable degree of inherent nuclear stability, a result of the very large
negative temperature coefficient of reactivity, (2) the elimination of the
need for mechanical control rods as a consequence of this inherent stability,
(3) flexibility and simplicity of fuel handling, (4) stability of the fuel,
(5) the ability to attain and maintain leaktightness in a small high-pressure
reactor system, (6) the safe handling of the hydrogen and oxygen produced
by radiation decomposition of the water, and (7) the direct dependence of
reactor power upon turbine demand.

7-4. THE HOMOGENEOUS REACTOR TEST (HRE-2)*

7-4.1 Objectives. The objectives of the Homogeneous Reactor Test
(HRE-2) are (1) to demonstrate that a homogeneous reactor of moderate
size can be operated with the continuity required of a power plant, (2) to
establish the reliability of engineering materials and components of a size
which cah be adapted to full-scale power plants, (3) to evaluate equipment
modifications which will lead to simplifications and economy, (:!) to test
simplified maintenance procedures and in particular underwater maintenance, and (5) to develop and test methods for the continuous removal of
fission and corrosion contaminants.
7-4.2 Reactor specifications and description [15,18]. The bases for
the design of the reactor, which are summarized in Table 7-4, were selected
early in 1954 and were intended to take fullest advantage of the progress
in chemistry, materials and component development, and the experience
*Based on information supplied by S. E. Beall and S. I. Kaplan and reports by
members of the Oak Ridge National Laboratory as noted.
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with the HRE-1. In order that the objective of a significant test of the
engineering feasibility of a large power station be satisfied, it was necessary
that the physical size of the reactor and its auxiliaries be increased appreciably beyond that of HRE-1. To hold the cost within reasonable bounds
for an experiment, it was decided to limit the power output and thus the
expense for heat-removal equipment, and also to install the reactor in the
building which had previously housed HRE-1, permitting the use of many
of the existing site facilities. The size of the reactor core represents a
compromise between two objectives, attainment of high specific power
required for economy in a large plant and evaluation of the fabrication
and durability of a zirconium-alloy core tank. The power output was,
therefore, set at 5000 kw (heat) with the possibility of a maximum
10,000 kw, and the core diameter at 32 in. Although these together result
in a low specific power of 17 kw /liter in the core at 5000 kw, this was considered acceptable, since operability at a relatively high specific power of
30 kw /liter had been demonstrated in the HRE-1. Another factor affecting
the selection of core diameter was the opinion of fabricators that current
technology would be exceeded for a zirconium vessel larger than 32 in.

TABLE

7--4

DESIGN BASES FOR

Power, heat
Temperature, core outlet
Pressure
Core diameter
Core solution
Blanket
Fuel circulation rate
Blanket circulation rate
Core flow pattern
Core construction material
System construction material
Radiolytic-gas removal
Radiolytic-gas recombination

Fission-product-gas disposal
Control
Normal
Safety

HRE-2

5000 kw
300°C
750 psi in excess of vapor pressure (see text)
2000 psi maximum total pressure
32 in.
U02S04 in D 20 (-10 g U 235 per liter)
D20
400 gpm
230 gpm
Straight-through
Zircaloy-2
Type-347 stainless steel
External pipeline separator
Low-pressure system: platinized alumina
catalyst
High-pressure system: CuS0 4 in solution
Decay on activated carbon
Variable solution concentration
Temperature coefficient
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The increase in fuel temperature from 250°C in the HRE-1 to 300°C was
based upon the more favorable corrosion resistance of both stainless steel
and Zircaloy-2 to dilute uranyl sulfate at the higher temperature and the
possibility of improved thermal efficiencies. Also the temperature at which
the two-liquid phase region appears is higher for the more dilute fuel, permitting this increase.

TABLE

7-5

HRE-2 DESIGN PARAMETERS

Power, heat, kw
Pressure, psi
Vessel
Inside diameter, in.
Thickness, in.
Material
Volume, liters
Specific power, kw /liter
Solution
Uranium concentration, g of
U 235 per kg D 20
Circulation rate, gpm
Inlet temperature
Outlet temperature
Volume of gas generated,
ft 3/sec at STP
ft 3/sec at 2000 psi, 280°C

Core

Blanket

5000
2000

220
2000

32
5/16
Zircaloy-2
290
17
U02SOcD20

60
4.4
Stainless-steel-clad
carbon steel
1550
0.14
D20

9.6
400
256°C
300°C

0
230
278°C
282°C

0.96
0.015

0.013
-

The design pressure of 2000 psi resulted from the necessity for an overpressure on the system to prevent boiling, to reduce the volume of gas in
the core, and to increase the efficiency of the copper catalyst. A maximum
pressure of 750 psi was thus provided in excess of the vapor pressure of
water of about 1250 psi at 300°C.
The thickness of the blanket of 14 in. between the core and pressure
vessel was selected as a compromise between neutron leakage and the use
of a simple pressure vessel of dimensions within the means of standard
fabrication techniques.
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The fuel circulation rate of 400 gpm was based upon heat-removal
requirements and the availability of suitable pumps. Pumps capable of
this output had been successfully operated under comparable conditions.
The vortex-type flow through the core of HRE-1 was abandoned in
favor of straight-through flow because hydrodynamic experiments demonstrated the pressure drop of the former to be excessive for larger cores.
As a result, the extraction of radiolytic gas directly from the core was
excluded, and an external gas separator in the exit pipe from the core was
used to separate gases produced in the core. The amount of these gases
depends on the operating temperature and pressure and the CuS0 4 concentration. The excess gases are recombined at low pressure but by means
of a platinized alumina catalyst instead of combustion in a flame-type
recombiner as in the HRE-1.
In stagnant fuel lines external to the core, the radiolytically generated
oxygen is insufficient to replace the oxygen consumed in reacting with the
stainless steel to form metallic oxides. Since an oxygen deficiency induces
hydrolytic precipitation of the uranium, approximately 2 liters/min (STP)
of gaseous oxygen are injected into the fuel feed stream, maintaining a
concentration of approximately 500 ppm in the high-pressure system.
The disposal of the fission-product gases which are stripped from the fuel
by the excess oxygen and radiolytic gas is accomplished by adsorption
and subsequent decay on beds of activated carbon. Experience with this
method of disposal was completely satisfactory in the HRE-1.
To reduce the xenon content of the core solution and minimize the
catalyst-poisoning effect of fission-product iodine on the recombiners, an
iodine-absorption bed of silver-coated wire mesh was installed in the offgas line between the fuel dump tank and the recombiners. The bed removes
over 993 of the iodine passing through it, and will retain the absorbed
iodine at temperatures up to 450°C.
Type-347 stainless steel was designated as the material of construction
for all of the reactor except the Zircaloy-2 core vessel. Titanium was
chosen to reinforce certain points of high turbulence, such as the pump
impellers and the gas separator. Previous corrosion and welding experience
with this grade of stainless steel, also used for HRE-1, has been excellent.
Based on HRE-1 experience, it was decided to eliminate mechanical
control devices and depend entirely on varying the fuel concentration for
shim control, on temperature coefficient for transient nuclear changes, and
on dumping the fuel solution for rapid shutdown when required.
The design parameters of HRE-2 are summarized in Table 7-5.
The flow diagram for the reactor is illu;;trated in Fig. 7-7. Since the fuel
and blanket systems are virtually identical-the only significant differences
being the absence of a blanket iodine separator and the larger vessels
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necessary to accommodate the greater volume of blanket fluid-the entire
blanket system is not shown. The fuel system is described as follows.
In the high-pressure system the fuel solution is pumped into the bottom
of the reactor core at 256°C and is heated to 300°C as it proceeds upward
to the outlet pipe. At the top of the outlet pipe is attached the pressurizer
in which condensate is electrically heated to a maximum temperature of
335°C to produce 2000-psi steam. The fuel flows past the pressurizer to
the gas separator, where directional vanes cause the fluid to rotate sufficiently to separate the radiolytic gas (D2 and 0 2), the excess 0 2, and fissionproduct gas. The separated gas forms a vortex along the axis of the pipe
and is bled to the low-pressure system. The reactor solution continues
from the gas separator to the U-tube primary heat exchanger, where it is
cooled from 300°C to 256°C by transferring heat to the boiler feedwater
surrounding the tube bundle. The 244°C, 520-psi steam produced on the
shell side of the heat exchanger is bled partially to the small (345-kva
output) turbine generator remaining from the HRE-1 and partially to an
air-cooled steam condenser. The uranyl sulfate solution flows next to the
intake of the 400-gpm canned-motor circulating pump and thence is pumped
to the core for reheating. The blanket fluid follows an identical cycle at a
flow rate of 230 gpm. This lower flow rate was based on a pump of the same
horsepower but designed to circulate a thorium oxide suspension, rather
than pure D20.
The gases and some entrained liquid removed by the gas separator are
transferred to the low-pressure system through a "letdown heat exchanger,''
a jacketed pipe which cools the gas-liquid mixture to 90°C. A valve
downstream of the heat exchanger throttles the gas-liquid stream to
atmospheric pressure. The mixture then discharges into the "dump"
tanks, which have sufficient capacity to hold all the reactor liquid. An
evaporator built into the dump tanks provides continuous mixing and,
more important, steam for dilution of the deuterium and oxygen below
the explosive limits. The gas-and-steam mixture flows upward through the
iodine bed to the catalytic recombiner, in which the deuterium and oxygen
react on a bed of platinized alumina pellets to form water vapor. The
heavy water is condensed by the shell-and-tube condenser following the
recombiner and normally flows back to the dump tanks. However, the
water may be diverted to weighed storage tanks in case it is desired to
change the concentration of the fuel solution. Water which is returned
to the dump tanks is mixed with the excess fuel solution stored there (approximately 25 gal) and then fed to the intake of a sealed-diaphragm
injection pump, which returns the liquid to the high-pressure circulating
system at a rate of about 1 gpm, thus constantly replacing the liquid
removed via the gas separator.
The small volume of intensely radioactive fission gas plus the excess

Top Plug Layer (Barytes Concrete)

Fro. 7-8. HRE-2 shield and vapor container.
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oxygen remaining after condensation of the re-formed heavy water is
dried in cold traps at -23°C and sent to the beds of activated carbon for a
period of decay. Gas leaving the bed is diluted with 1400 cfm of air and
discharged to the atmosphere from a 100-ft stack.
Samplers are provided to secure small quantities (5 ml) of the fuel and
blanket liquids from the high- and low-pressure systems for chemical
analysis. These units are located in bypass lines; material circulated
through them is trapped by closing the sampler inlet and exit, after which
the contents are discharged into a portable container through a drain
valve.
All the primary reactor equipment is located in an underground, boxlike, steel tank called the "shield pit,'' shown in Fig. 7-8. The design of the
shield pit was influenced by several factors, including a requirement for
accessibility and flexibility because of the experimental nature of the installation, provision for complete containment of the contents of the reactor should a leak develop or should the pressure vessel or heat exchangers
rupture, efficient utilization of the spl!ce within an existing structure, and
capability of flooding with water for maintenance or replacement operations.
The reactqr shield pit occupies the center high-bay area of the building
and is constructed of 3/4-in. welded steel plate reinforced in such a manner
that an internal pressure of 30 psi will be contained. This pressure corresponds to the instantaneous adiabatic release of the entire contents of the
reactor system. The chemical processing cells, each 12 ft wide by 25 ft
long, are designed similarly.
The upper surface of the blocks forming the roof of the shield pit is at
ground level. This roof is made of high-density concrete 5 ft in total thickness and consists of two layers of removable slabs with a completely welded
steel sheet sandwiched between the layers and extending across the top of the
pit to form a gastight lid. The roof blocks are anchored to the girders and
supporting columns by means of a slot-and-key arrangement, shown in
Fig. 7-8. The vertical columns are embedded in a concrete pad which is
3 ft thick and i~ heavily reinforced with steel.
The wall between the reactor pit and the control area is a hollow box
5t ft wide, constructed of 1/2-in. steel plate welded to the north side of
the reactor shield tank. It is filled with high-density barytes, sand, and
water. The use of the fluid shield between the reactor and control-room
areas allows flexibility in the locations of service piping and instrument or
electrical conduits. All lines leaving the reactor tank are welded into the
shield wall; conduits are connected into junction boxes inside the pit with
gastight seals on the individual wires.
The design is such that nowhere outside the shield will the radiation
dosage exceed 10 mrep/hr when the reactor is at 10 Mw. For the purpose
of decreasing the neutron activation of equipment inside the pit, the re-

Fm. 7-9. HRE-2 component arrangement, plan view.
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FIG. 7-10. HRE-2 container looking southeast (at 50% completion).

FIG. 7-11. Reactor tank with shielding plugs in position during hydrostatic test.
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actor vessel is surrounded by a thermal neutron shield consisting of a steel
tank with a 2-ft-wide annulus filled with boron ore and water.
The arrangement of reactor components within the main reactor pit is
shown in Fig. 7-9. The reactor is near the center of the pit, enclosed by
the 2-ft-thick thermal shield. To the left of the reactor is all the fuelsystem equipment, and to the right is the blanket equipment.
Most of the high-pressure components are located close to the pressure
vessel. The pressurizers are positioned directly above the reactor; the gas
separators are in the S-shaped outlet lines to the steam generators on the
south side of the pit. The areas to the left and right of the reactor in the
center bay are reserved for future equipment modifications or additions.
To the far left is grouped all of the fuel low-pressure equipment, including
dump tanks, recombiner, condensate tank, and cold traps. These components are assembled on a rigid structural-steel frame; the blanket lowpressure equipment is to the far right.
Insofar as possible, valves are situated close to the control-room wall
so that air lines and leak-detector lines can be kept short. The arrangement of the valves is such that all flanges can be easily disconnected from
above.

7-4.3 Schedule of construction [19,20]. Construction of the HRE-2
was started in July 1954, immediately after the dismantling of HRE-1.
The initial step was the excavation of a large hole beneath the building
(which had previously housed the HRE-1) for the large rectangular steel
tank (60 ft long, 30! ft wide, and 25 ft deep) which contains the reactor and
its associated equipment. Figure 7-10 shows this tank at approximately
50% completion.
The north wall of the reactor tank, seen to the left in Fig. 7-10, is common to both the reactor tank and the control-room area, and it is through
this wall that the many service, instrument, and electrical lines which must
interconnect these two areas pass. The next step in the construction was to
install the approximately 600 lines which penetrate this 5!-ft-thick wall.
Figure 7-11 shows the tank after the complete roof structure had been
assembled and welded closed as it was prepared for a hydrostatic test. In
this test the tank was filled with water and then pressurized to give the
equivalent of a 30-lb internal pressure at all points within the tank. Strain
gauges were attached at many points so that the complicated stress pattern
could be studied in some detail for assurance that the tank was safely
within design limits.
While the reactor tank and control-room areas were being constructed,
reactor equipment was being procured and constructed at several places.
Much of the equipment required in the low-pressure system had been
inspected and tested when the container was completed. In November

370

EXPERIMENTAL REACTOR DESIGN AND CONSTRUCTION

[CHAP.

Fm. 7-12. View of HRE-2 building, main bay.

Fm. 7-13. Artist's concept of homogeneous reactor test, HRE-2.
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Frn. 7-14. HRE-2 leak detection system.
1955, these parts and the thermal shield surrounding the reactor pressure
vessel were installed. Figure 7-12 shows the reactor core and pressurevessel assembly just before installation in January 1956.
The heat exchangers were subsequently installed and followed by the
main circulating pumps so that the high-pressure piping which connected
the pumps, heat exchangers, and pressure vessel could be attached. This
work occupied most of the months of February and March. Construction
of the reactor was completed in May 1956. Figure 7-13 is an artist's
concept of the completed reactor.
7-4.4 Nonnuclear testing and operation. Pretesting, operation of the
reactor as a nonnuclear facility, and a lengthy flange-replacement job
occupied the period from completion of construction in May 1956 to December 1957. A chronological summary of the events associated with the
nonnuclear operation of the reactor during this period is shown in Table 7-6.
From Table 7-6 it can be noted that preoperational testing of HRE-2
was interrupted by stress-corrosion cracking difficulties, which were caused
by chloride ion contamination in the stainless steel tubes that are used to
detect and prevent leakage of radioactive solution from flanged joints [20].
Figure 7-14 shows how an individual leak-detector line is attached to the
groove of the ring-joint flange. The tubes from all the flanges terminate
at a valve header station in the control room. Normally this system is
kept pressurized with water to a pressure of 300 to 500 psi above the system
pressure. A leak in any flange results in leakage of water from the header
and a loss in pressure, which actuates an alarm at a fixed level above the
fuel or blanket pressure. This is normally a sensitive and satisfactory means
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7-6

NONNUCLEAR OPERATION

Test or event

May 1956

3000-psig hydrostatic test of high-pressure system and
750-psig test of low-pressure system

June 1956July 1956

Cleaning of piping systems with 33 trisodium phosphate followed by 53 nitric acid and initial operation
of pumps. Tests for dump-tank entrainment and
efficiency of catalytic recombiner

July 1956August 1956

Initial tests of equipment removal and underwater
maintenance

August 19560ctober 1956

Flushing of flange leak-detector tubes to remove chloride contamination

October 1956N ovem ber 1956

Initial nonnuclear operation of reactor at 280°C and
2000 psig. Thermal cycling of flanged joints

December 1956January 1957

Removal of typical flanges for metallographic examination to detect possible stress-corrosion cracks. Further
tests of remote-maintenance tools

January 1957March 1957

Further operation of the reactor with water and with
depleted uranium at various conditions of temperature and pressure

April 1957August 1957

Removal, inspection, and replacement of flanges and
leak-detection tubing ·

August 1957September 1957

Recleaning of system with trisodium phosphate and
nitric acid solutions and hydrostatic testing

September 19570ctober .1957

Final operation at design conditions with water and
with depleted uranium. Final leak test of reactor
piping with radioactive tracers

November 1957December 1957

Final insulation of reactor piping; installation of new
refrigeration system and new iodine absorption bed,
followed by nonnuclear operations with heavy water.
Criticality achieved December 27, 1957
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of preventing the leakage of radioactive liquid from the reactor (the leakdetector fluid leaks out instead) and detecting the leaks when they do occur
(by measuring the pressure or volume loss of the leak-detector fluid).
Volume changes in the header can be read to ±1 cc from a graduated scale
next to each header sight-glass. By observing level changes at regular
intervals, noting which lines are isolated from the header, leaks of less than
2 cc per day can be detected.
Since this system is a secondary portion of the reactor, the leak-detector
tubing unfortunately did not receive the same attention from the standpoint of specification and materials control as the stainless steel used in the
primary piping. The 1/4-in. type-304 stainless steel had been purchased
to st'andard ASTM tubing specifications, but in 30- to 40-ft lengths instead
of the usual 20-ft lengths. The tubing was received and installed without
difficulty. It was given a hydrostatic test after installation and put in
service with distilled water. After approximately three months it was
observed that some of the water drained from the leak-detector system
was badly discolored. An analysis revealed the liquid to contain approximately 1000 ppm of chloride. Since conditions of operation up to this
point had been relatively mild, it was thought that the chloride might be
removed simply by flushing, and approximately six weeks were devoted to
disassembling the reactor and washing out all detectable indications of
that contaminant.
After discussions with the tubing manufacturer it was concluded that
the chloride had originated from a die-drawing compound which had not
been removed from the inside of the tubes prior to annealing. The presence
of the chloride-containing hydrocarbon caused carbide precipitation at the
grain boundaries during annealing and created tiny caves into which the
chloride penetrated. The pickling and cleaning treatment which followed
did not remove this material; in fact, it was learned that the manufacturer's
pickling tanks did not accommodate the full length of the tubing, making
it necessary to pickle by dipping approximately half the tubing at a time.
The net result was that large quantities of chloride remained inside the
tubing to be leached out later when filled with water.
At the time the stress-cracking damage was discovered late in 1956 the
reactor had been made ready for a series of engineering tests, and for this
reason it was decided to make a brief inspection of the damage resulting
from the chloride contamination before proceeding with the planned experimentation. This preliminary inspection provided the basis for a
decision to prepare for the replacement of the 259 flanges and the 15,000 ft
of leak-detector tubing in the system. It was further decided that engineering tests which had been interrupted could proceed for the period of
approximately three months which would be required to procure new
flanges and leak-detector tubing.
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Dismantling of the system was begun in April, and a very careful inspection of the 259 flanges was made to determine how many should be
replaced. The Super-Zyglo dye-penetrant method of flaw detection was
chosen as the most sensitive test which could be used practically in the
field.
Of the 259 flanges inspected, 167 were found to be acceptable (i.e., as
good as new), 67 were rejected because of cracks, pits, or other possible
flaws, and 25 were judged questionable. Nearly all of the rejected flanges
were in high-temperature portions of the reactor. While the inspection
method was selected as the best available, it was not judged to be infallible;
e.g., differentiation between mechanical scoring and corrosion pitting was
not always clear-cut, and any cracks covered by smeared metal resulting
from excessive gasket pressure could not be detected. Hence it was decided to replace all the high-temperature flanges with new flanges or, where
this was not possible, to remove 0.02 in. of metal from the flange surfaces.
A total of 132 flanges were replaced; 15 were remachined. In addition,
the 1/4-in. stainless steel tubing to all the high-pressure flanges (approximately 10,000 ft) was replaced in the leak-detector system. This repair
work was completed in August 1957.
To remove any organic material introduced during repairs and to pretreat the fresh metal surfaces incorporated into the system, the reactor
piping was subsequently flushed with hot 33 trisodium phosphate solution,
followed by water rinses and a 53 nitric acid wash. After hydrostatic
testing the reactor was test operated with condensate for 150 hr at 280°C,
then charged with depleted uranyl sulfate solution. Test operation with
depleted uranium included: (1) a series of concentration and dilution
experiments to study the transient and equilibrium behavior of ions in the
system, (2) checking of the inventory-control methods by comparing the
fuel analyses and indicated system controls with the quantity originally
charged, and (3) observation of the corrosion behavior by analysis of fuel
samples during a 159-hr run at temperatures above 250°C. At the conclusion of the run the charge was recovered and found to agree well with the
computed inventory, although chemical analyses of high-pressure-system
samples during operation had indicated a uranium concentration 5 to 103
lower than the amount added would predict. Nickel analyses of the fuel
solution pointed to a system corrosion rate of slightly less than 1/2 mpy.
Before the reactor was charged with enriched fuel, the piping and shield
were subjected to\careful leak tests. To obviate the presence of helium in
the piping in case further testing with helium became necessary, the reactor
was first pressurized to 500 psig with nitrogen, to which was added 40
curies of Kr8 5 as a tracer gas. The shield was sealed and the reactor allowed
to stand pressurized for five days, after.which air samples were drawn from
the shield and heat-exchanger shells for beta-activity scanning to detect
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.the presence of any leaking krypton. This test was inconclusive at the time,
however, because of difficulties encountered in purifying the samples for
counting. Large samples of the air being tested were stored in gas cylinders;
then the piping was vented and repressurized with helium. After an additional waiting period the sealed volumes were again checked using helium
leak detectors sensitive to 1 ppm of helium in air. This test demonstrated
that the piping leakage was less than 0.2 cc/day of helium, with a pressure
differential of 15 psi across the leak. These results were subsequently
confirmed by krypton data after analytical difficulties were resolved.
With the integrity of the reactor piping established, the seal pans were
welded in place on the shield roof, and the roof plugs were locked in place.
By pressurizing the shield and flooding the roof with water, leaks in the
seal pan welds were located for subsequent repair. The major shield leak
was found to be through a 16-in. valve in the ventilating duct; when this
was repaired, the total leakage fell from 25 cfm to approximately 1/2 cfm.
The shield was judged sufficiently tight at this point to proceed with
the critical experiments, after which repairs were continued. By painstaking individual checking of all shield penetrations and the use of thermosetting resin to seal the metal lips to which the roof seal pans are welded,
the leakage was finally reduced to 4 to 4.5 liters/min at 15 psig.

7-4.5 Nuclear operation [21]. Fuel charging began on December 24,
and criticality was achieved on December 27, 1957, with the core and
blanket near room temperature and at a pressure of about 800 psig.
Nuclear instrumentation for the test consisted of three fission chambers,
viz., two permanent chambers in the instrument tube outside the reactor
pressure vessel and a temporary chamber inside the blanket vessel. An
antimony-beryllium neutron source was suspended in the thimble in the
center of the core (see Fig. 7-18).
The reactor was brought gradually to the critical condition by the injection of enriched uranium into the fuel solution added to the dump tanks
in batches of 100 to 400 g. Fuel feed pumps and purge pumps were operated
continuously to provide mixing between the dump tanks and the highpressure system. Following each addition the solution concentration in the
high-pressure system was allowed to reach steady state, as indicated by a
leveling-off of fission count rates. After 2060 g of U 235 had been added
and the •temperature of the solution lowered to 29°C, the neutron source
was withdrawn. At this point, the fission count rates continued to rise,
indicating that criticality had been achieved. Raising the temperature of
the reactor slightly by pumping warm water through the heat exchangers
stopped the nuclear chain reaction. By further varying the temperature
and concentration of the fuel solution, it was demonstrated that the nuclear reaction could be easily and safely controlled in this manner.
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After the initial critical experiment the neutron source was moved from
the core to the blanket thimble, and the reactor was brought to criticality
seven times at successively higher temperatures ranging up to 281°C. In
each experiment the reactor temperature was raised above the desired
point by supplying steam to the heat exchangers, and a batch of fuel solution was injected into the dump tanks. After steady count rates showed
complete mixing of the new fuel, the temperature was slowly lowered until
the critical temperature was reached. It was held at this point for about
1/2 hr before proceeding to the next experiment. Figure 7-15 compares
the experimental measurements of the HRE-2 critical concentration as a
function of temperature with concentrations calculated by various methods.
It can be seen that the two-group calculations predicted values about 203
below those observed. The harmonics calculation, which used a convolution of an age and a Yukawa kernel to represent slowing down in D 2 0,
gave quite satisfactory results. The multigroup calculation also gave
results in agreement with the experimental data.
The first operation of the reactor at significant power levels took place
in February 1958. In April 1958 the power level was raised in steps of
1 Mw to the design power level of 5 Mw. Operation was exceptionally
smooth, and no mechanical difficulties were encountered in the first 500 hr
after charging the reactor with U 235 • Unfortunately, shortly after reaching
full-power operation a crack developed in the tapered portion of the
zirconium core tank, permitting fuel solution to leak into the blanket.
After a series of tests to determine the magnitude of the leakage and calculations to determine the behavior of the reactor with fuel in the blanket,
it was decided to operate the reactor as a one-region machine (i.e., identical
fuel solution in core and blanket). Operation of the reactor under these
conditions was resumed in May 1958.

7-4.6 Operational techniques and special procedures. Reactor startup.
As the size of homogeneous reactors increases, the use of control-rod neutron absorption to perform a startup becomes progressively less attractive;
e.g., to maintain criticality in HRE-2 while heating from 20 to 280°0 requires a reactivity increase of more than 253 D..k because of the large
negative temperature coefficient. It is much more convenient to provide a
means of varying the amount of fuel in the core as required to overcome
temperature and power coefficients.
During the initial experimental stage of HRE-2 operation,- startup was
begun by evaporating heavy water from the dump-tank solutions, condensing, and pumping to the core and blanket circulating loops. The filled
loops were then pressurized, circulation was initiated by starting the
canned-motor pumps, and the circulating stream was preheated to operating temperature with an auxiliary heat source. The concentrated fuel was
then pumped from the dump tlJ.,nks to achieve criticality.
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An alternate procedure involves starting the reactor without preheating
by varying the fuel concentration. When sufficient fuel has been added to
raise the reactor temperature to its normal operating level, power withdrawal is begun. Temperature adjustments may be made by removing
pure solvent to temporary storage tanks or adding pure solvent to the
circulating fuel solution.
A variation of this procedure is to fill the reactor slowly with fuel of the
final concentration. In this case the reactor will become chain-reacting at
a low temperature with the core tank only partially filled with fuel solution.
As the quantity of liquid in the core is slowly increased, the temperature
will rise until the desired temperature is attained with the core completely
full.
The time required for startup is determined by the rate at which heating
can be permitted. The same limitations apply to homogeneous reactors as
to other reactors in this respect. Generally, the heating rate of 100°F/hr
is considered reasonable and unlikely to produce excessive stresses. Probably more important, but more difficult to determine, is the temperature
difference which exists across heavy walls. Keeping these temperature differences to less than 100°F prevents excessive stresses. Once the temperature limitations are established, the startup rate of fuel addition can be
set to match them.
Thus, although aqueous homogeneous systems have been demonstrated
to be inherently stable, restrictions are nevertheless placed upon the oper-
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ator to prevent excessive power surges and the resultant excessive pressures or heating rates. These restrictions are generally in the form of electrical interlocks in the control circuit. .For example, a typical interlock
might prevent the operator from concentrating fuel if instruments indicated that an excessive concentration was being reached, or an interlock
might stop the addition of fuel solution if the temperature-measuring devices indicated too high a heating rate. Although practically none of these
mistakes is serious enough to cause a reactor accident, they are evidence of
poor operating technique, and if permitted might result in more serious
mistakes which could cause damage in spite of the inherent stability of an
aqueous homogeneous system.
The reactor is considered "started up" when the desired operating temperature has been achieved and the reactor is ready for power extraction.
Operation. Except for several preliminary preparations, such as
warming-up the steam turbine, power extraction is the simplest part of
the reactor startup routine. This involves merely turning steam to the
turbine, bringing the turbine up to speed, and making the necessary electrical switching changes to distribute the electrical output. Once the generator is synchronized and feeding into a larger power network, there is
little for the operator to do except to see that the equipment is checked
routinely for proper performance. .For HRE-2 this normally takes a crew
which consists of a supervisor, an assistant engineer, and nontechnical
helpers. Checks of all continuously operating equipment are made at 1- to
2-hr intervals to verify that the equipment is performing properly. .From
time to time samples of fuel solution are removed from the high-pressure
circulating system to analyze for nickel and other unwanted ions. Samples
must also be removed from the steam system to show that boiler feedwater
treatment is adequate and that oxygen production is not excessive in the
steam generators. Radiation levels must be observed to determine whether
there are leaks of fuel solution or weak places in the shield structure.
In addition to these routine .service functions, the operating crew must
also start up and maintain the chemical processing plant associated with
the reactor. One engineer and one technician, in addition to those already
mentioned for the reactor proper, are required to operate the HRE-2
chemical plant.
Shutdown. The shutdown of the reactor is normally accomplished in
two steps.
The first step in the procedure is cessation of power removal, which involves nothing more than closing the steam throttling valve. This might
be accomplished by running the turbine governor down to zero load.
Although this action leaves the reactor critical at 280°C and does not completely stop heat generation, the power is limited to the normal heat losses
from the system (a few hundred kilowatts for HRE-2). Minor repairs or
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adjustments to equipment which do not require further cooling can now
be made.
The second step is to make the reactor subcritical by diluting the fuel.
This type of shutdown normally requires 3 to 5 hr, since it is desirable to
have the reactor subcritical at the storage temperature of approximately
25°C when the reactor is emptied. The rate at which the temperature can
be reduced is again determined by the permissible cooling rate of the
system components.
Scram. A more rapid shutdown, equivalent to an emergency scram in a
solid-fuel system, is the "dump." In this situation the reactor is kept circulating for 2 min to permit recombination of the radiolytic gas in solution
during which time the steam valves are closed to reduce power output.
Then the pressure in excess of the vapor pressure of the core and blanket
is vented to make pressure balancing between core and blanket easier,
and the dump valves are opened, permitting the rapid emptying of the
core and blanket vessels so that the reactor is shut down within minutes.
This type of shutdown is only resorted to in case of emergencies such as
excessive pressures or evidence of a leak of radioactive solution from the
reactor.
Decontamination of equipment. Conventional methods of decontaminating fuel processing plants have proved to be inadequate for a stainless steel
homogeneous reactor system which has been exposed to uranyl sulfatesulfuric acid-fission product solutions at 250 to 300°C. This was demonstrated with HRE-1, which was decontaminated (without descaling) prior
to disassembly (Article 7-3.13). Since the HRE decontamination was incomplete, laboratory studies were carried out to explore the nature of the
contamination and develop methods of decontaminating the stainless
steel. It was found that chromous sulfate, a strong reducing agent, would
modify the oxide film and permit dissolution in dilute acids. A 0.4 m
CrS0 4-0.5 m H2S0 4 solution has given excellent removal of the film by
modifying and dissolving the oxide corrosion film. Decontamination factors of 5 X 103 were achieved on specimens from in-pile corrosion loops,
where the activity was reduced to the induced activity of the structural
material, by contacting for 4 hr with the chromous sulfate solution at 85°C.
The solution was also tested satisfactorily on four 22-liter uranyl sulfate
corrosion loops which had run for 22,000 hr at 200 to 300°C. The loops
had a very heavy oxide coating such that in thermal cycles large flakes
broke off the wall and plugged small lines. After a 4-hr contact with the
chromous sulfate-sulfuric acid solution at 85°C, the walls of the loop were
completely free of all clinging oxide.
The total time involved in the preparation of the chromous sulfate
solution, in descaling the reactor system, and in disposing of the extremely
radioactive scale-waste would probably be at least 48 to 72 hr. If one is
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considering decontamination as an aid to maintenance, time required for
decontamination should be weighed against the reduction in repair time
which would result from the lower levels of activity in the working area.

7-4.7 The HRE-2 Mockup [22].* During the design and construction
of HRE-2 some of its major pieces of equipment were assembled and
operated at design conditions on unenriched uranyl sulfate solution. The
purposes of this engineering mockup were (1) to study the behavior and
removal of gases in the high-pressure system, (2) to study fuel-solution
stability in a circulating system similar to the HRE-2, (3) to establish a
reference corrosion rate for the reactor circulating system, (4) to study the
behavior and removal of corrosion- and fission-product solids in the system,
and (5) to establish the reliability of CQmponents, pointing out weaknesses
and possible improvements.
The prototype reactor components tested in the mockup include: (1) a
Westinghouse canned-rotor centrifugal pump, (2) an electrically heated
steam pressurizer, (3) a centrifugal gas separator, (4) a 1/8-scale heat
exchanger similar to the HRE-2 steam generator, (5) a letdown heat exchanger to cool the fluid and gas bled from the high-pressure system,
(6) a bellows-sealed letdown valve to throttle the fluid and gas from the
high-pressure system, (7) a liquid-level controller which adjusts the
letdown-valve position, (8) the dump-tank and condensate system for
excess fuel solution and storage of condensate for use as purge to the
pressurizer and circulating pump, (9) diaphragm feed pumps to return
fuel to the high-pressure system from the dump tanks, (IO) an oxygen-feed
system to maintain oxidizing conditions in the circulating fuel, and (11) an
air-injection system for tests of the effectiveness of the gas-separator unit
and letdown system.
In May 1956 a corrosion- and fission-product solids-removal system was
installed in the mockup, consisting of a 5-gpm canned-rotor ORNL pump,
an assembly of a hydroclone and underflow pot, and two 1/2-in. Fulton
Sylphon bellows-sealed air-operated valves separating the system from
the main circulating stream. A commercial pulsafeeder was used to inject
rare earths containing radioactive tracers and corrosion products. In addition, a through-flow bomb was filled with the required solids and connected into the system. Gamma-ray counting equipment was installed to
detect any buildup of radioactive tracers on the heat-exchanger surfaces,
in the horizontal connecting pipe to the pressurizer, in the gas separator,
and in the underflow collection pot. A multichannel gamma counter was
used for determining activity levels at the various counting stations. The
equipment was removed in November 1956 after demonstrating satisfactory removal of solids from the system.
*Article 7-4.7 is based on a paper by I. Spiewak and H. L. Falkenberry [22].
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Operation of the mockup for a total of more than 13,000 hr in the threeyear period from February 1955 to February 1958 provided valuable information pertinent to the construction and operation of HRE-2. Items
of major importance include: (1) a satisfactory demonstration of the operation of the equipment for removing gases from the high-pressure system,
(2) the out-of-pile chemical stability of the uranyl sulfate solution over a
long period of time at operating temperatures and pressures, (3) determination of the oxygen injection and excess sulfuric acid requirements to prevent uranium precipitation in the high-pressure loop, (4) detection of an
unsatisfactory pressurizer design in which excessive corrosion and precipitation of uranium occurred, and tests of a revised model which proved
suitable, (5) a demonstration of the successful removal of injected fissionproduct solids and insoluble corrosion products by means of a hydroclone,
and (6) long-term operability of the circulating pump and other pieces of
equipment.

7-4.8 The HRE-2 instrument and control system [23].* The control
system for a homogeneous reactor such as the HRE-2 differs drastically
from that for solid-fuel reactors because control rods and fast electronic
circuitry are not necessary for systems with such large temperature coefficients (nearly 0.33 l::,.kj°C at 280°0 for the HRE-2).
Functions similar to those performed by control rods in heterogeneous
reactors, but without such exacting speed-of-response requirements, are
performed by valves which control the concentration of the fuel, which
vary the steam-removal rate from the heat exchangers, or which allow the
fuel to be discharged to noncritical low-pressure storage tanks. For these
reasons the nuclear control circuits for a homogeneous reactor are designed
to limit very rapid changes in fuel concentration and steam-removal rates.
Other circuits control the pressures and temperature limits of the circulating
liquid fuel, principally to prevent equipment damage.
In addition to these general considerations, the instrument and control
system for the HRE-2 includes the following special features:
(a) All instrument lines through the shield wall are blocked by valves
on a signal of high shield pressure to prevent the escape of radioactivity.
Electrical leads are sealed by glass-to-metal seals.
(b) Thermocouple, electrical, and air lines may be disconnected by
remotely operated tools for equipment repair or removal.
(c) All critical core- and blanket-system transmitters, except electric
level transmitters and thermocouples, are located in two shielded instrument cubicles (5 ft diameter X 15 ft high) located adjacent to, but outside, the main reactor tank. This arrangement was selected to avoid
opening the main tank to replace instruments, to provide a location for
*Article 7-4.8 is based on a paper by D.S. Toomb [23].
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Fm. 7-16. Key control loops utilizing both pneumatic and electric transmission.

instrument components which could not be easily protected from the
water-flooding of t11e main tank during remote-maintenance operations,
and to minimize the radiation exposure of instruments.
(d) The cell air monitors, which provide an alarm in case of a leak of
radioactive vapor from the reactor system, are installed in one of these
instrument cubicles. Cell air is circulated through a 2-in. pipe from the
reactor tank, past the enclosed monitors, and then back to the cell. The
blower is sized so that .only 5 sec is required for cell air to reach the radiation monitors.
Figure 7-16 indicates several key control loops: (a) The pressure of the
core system is controlled from sensed pressure by the proportioning of
power to the pressurizer electric heaters; the blanket pressure is similarly
controlled by a core-to-blanket differential-pressure signal.
(b) The
liquid levels in the pressurizers are controlled from sensed levels by pneumatic control of the letdown valves. Pneumatic control actions are derived
from transducers which receive signals from electric transmitters. Electric
interlock control of the pneumatic signals to final control elements is
achieved by the use of solenoid-actuated pilot valves.
Other control loops not illustrated are: (c) The reactor power is controlled by a manual or turbine-governor signal to a valve throttling steam
from the core heat exchanger. Because of the large negative temperature
coefficient and low heat capacity, this reactor system cannot produce more
heat than is being removed, except for very short times. Heat is removed
by opening the steam throttling valve, which causes a decrease in the
temperature of the fuel leaving the heat exchanger. Because of the nega-
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tive temperature coefficient of the system, the cooler fuel entering the
core causes an increase in reactivity and the fuel is reheated until it overcomes the excess reactivity. (d) The average temperature of the core
system is controlled by varying the concentration of the fuel solution.
The inlet and outlet temperatures will vary with the power extraction,
while the average temperature is a function only of fuel concentration.
(e) The blanket temperature is controlled by a signal, derived from the
difference in average core and blanket temperature, which operates the
steam withdrawal valve of the blanket heat exchanger.
Nuclear instrumentation. Neutron level transmitters are two Westinghouse fission chambers and two gamma-compensated ionization chambers
designed by the Oak Ridge National Laboratory. Neither type of instrument requires a gas purge, and both are amenable to operation in the waterfilled thimbles (Fig. 7-17), which allow the chambers to be positioned or
replaced during reactor operation. Varying the distance of the chambers
from the reactor core affords a means of sensitivity adjustment, which is
needed to accommodate different operating powers.
The gamma-compensated ionization chambers are required to be in a
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neutron flux of approximately 1010 at 5-Mw power to utilize their measuring range of 106 • The lower limit of their range of operation is comparable
to the maximum desirable flux for proper operation of the fission chambers.
Therefore it was possible to install the two types of sensing elements in
the same area in the reactor cell. At high fluxes the fission chambers which
are required to follow the neutron flux for five decades during start-up are
withdrawn into a protective boral shield to limit fission-product buildup
in the chamber lining. Proper operation of the compensated ion chambers
is ensured by the lead-shot-and-water fill around the thimbles, which reduces the gamma-ray background after power operation from 250,000 r/hr
to 250 r/hr.
The fission-chamber signals are fed to conventional preamplifiers,
A-1 linear amplifiers, logarithmic count-rate meters and a dual-pen recorder. For initial reactor startup before gamma-neutron reactions provided a sizable neutron source, the fission-chamber output was used to drive
a low-range pulse counter.
Control panel. Figure 7-18 shows the main control board and console.
Here are located only those instruments necessary for the safe operation
of the reactor. These are arranged in a "visual aid" form to reduce operational errors and to facilitate the training of operators. The graphic section
is essentially a simplified schematic representation of the chemical process
flowsheet with instruments, control switches, and valve-position indicators
located in positions corresponding to their location or function in the actual
system.
Each annunciator is placed in the control board directly over the instrument or portion of the system on the graphic board with which its signal
is associated.
Key measurements are displayed on "full-scale" recorders in the center
section of the panel and include the fuel temperature, a multipoint temperature recorder, the multiarea radiation monitoring recorder, the reactor power, the logarithmic neutron-level and count-rate meter signals.
The patch panel on the extreme left is a "jumper board," which is a
schematic representation of the electrical control circuits. Provision is
made for jumping certain individual contacts in the control circuit with a
plug. Lights indicate the position, open or closed, of the contact in the
system. The board is valuable for making temporary control-circuit alterations necessary for experiments and makes it unnecessary to use jumper
wires which are normally placed behind the panel and if overlooked and
not removed might introduce a hazardous condition. The board is also an
aid in familiarizing operators with the electrical control circuitry and, since
the lights indicate contact position, as an operations aid during startup.
Switches and controls on the console are restricted to those necessary
for nuclear startup, steady-state power operation, and emergency.
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Data-collection instruments and the transducers that drive the miniature
pneumatic slave recorders on the graphic panel are located in an auxiliary
instrument gallery beneath the main control room, as are a 548-point
thermocouple patch panel, a relay panel, the nuclear-instrument amplifiers,
and the nuclear-instrument power supplies.
Other panels located near their respective equipment elsewhere in the
building include the steam control station, the turbine control panel, two
sampler control panels, and a control station for the refrigeration system
supplying the cold traps. Standard 2-ft-wide modular cabinets and panels
are used throughout to facilitate design changes.
Protective interlocking. Extensive protective interlocking of the controls
circuits is provided to prevent unsafe operating conditions.
Examples of interlocked systems include the following: (a) The
pumping-up of fuel to the reactor core instead of condensate is prevented
by several interlocks which keep the fuel-addition valve closed until the
core is full of condensate and has been heated to 200°C. This prevents
power surges and consequent pressure increases. (b) For the same reason
the fuel circulating pump is started in reverse to provide a low flow rate as
protection against pumping cold fuel too rapidly from the heat exchanger
into the core. (c) To avoid dangerous thermal stresses and abrupt reactivity
surges, the control circuits do not permit the pumping of cold feedwater
into the heat exchangers until the level is above 503. (d) To give smooth
startup, the fuel injection pump can run only at half-speed until a temperature of 250°C is reached. (e) The fuel feed valve will be closed and the
concentration in the fuel system will be lowered by injecting condensate
if the core outlet temperature becomes excessive, if the circulating pump
stops, or if the power level exceeds normal. (f) The contents of the highpressure systems will be automatically emptied to the low-pressure storage
tanks through the "dump" valves on a signal of extremely high pressure,
or a radiation leak into the steam system. Differential-pressure control
between the core and blanket systems during dumps is by throttling control
of valves from a differential-pressure signal.
Inventory systems. To obtain an accurate inventory of the fuel and
moderator solutions, the storage and condensate tanks are weighed with
pneumatic weigh cells. A pneumatic system was selected primarily because
taring can be done remotely by balancing air pressures, and components
are less susceptible to radiation damage. Piping to the tanks is kept
flexible to compensate for the varying loads which result from thermal
expansion.
The volumes of the fuel and blanket high-pressure systems have been
accurately measured, so that when the pressurizer condensate reservoirs
are filled to capacity, the weight of liquid in the high-pressure systems can
be computed from the core, blanket, and pressurizer temperatures. These
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weights, combined with the respective condensate weights, dump-tank
weights, and experimentally observed holdup in the condensate piping,
yield the total liquid inventory of the reactor.

7-4.9 Remote maintenance [24]. Maintenance of the equipment in the
circulating systems of an aqueous homogeneous reactor is difficult because
of the intense radioactivity emanating from the surfaces following prolonged operation at high power levels. This problem, more acute than in
the case of heterogeneous reactors because fission-product activities and
neutrons are not confined to the reactor core, must be successfully resolved
in a practical manner if the homogeneous reactor is to be an economical
power producer. Practical systems for maintenance and repair must provide adequate personnel shielding to reduce radiations from activated
equipment to tolerable biological values while simultaneously providing
access to the equipment.
Equipment activation. Of the two principal methods by means of which
the equipment is rendered radioactive, activation by fission-product contamination is the more important in the HRE-2. About 30 w/o of the
fission products is normally removed from the fuel solution as gases (xenon,
krypton, iodine) by stripping with 0 2, D2, and steam. Of the remaining
fission products, 56 w /o are estimated to have sufficiently low solubilities
to precipitate from the solution as solids. This is particularly true of the
rare earths, which constitute 28 w /o of the fission products. Tellurium,
technetium, and molybdenum, which contribute 12 w/o of the fission
products, are assumed to be soluble. Therefore, so far as activation of
equipment is concerned, the rare gases ( ~30%) and the soluble products
( ~12%), making up 42 w/o of the total, may be considered removed or
easily removable from the equipment. Some portion of the remaining
58 w / o will deposit on hot metallic surfaces or be retained in cracks and
crevices. It is possible by statistical analysis to estimate within a factor of
two the specific gamma and beta activity of the fuel solution. Methods for
calculating this activity have been published [25,26]. The initial fuel activity, after prolonged HRE-2 operation, is of the order of 25 curies/ml.
It should be noted that it is proposed to remove the insoluble fission
products continuously with small centrifugal-type separators (hydroclones)
in the HRE-2 fuel processing system. The effectiveness of this procedure
in competition with absorption on the container walls, however, is as yet
unknown.
Induced activation of structural materials by neutron absorption is also
an important contributor of radioactivity. During operation of the reactor,
a thermal flux exterior to the equipment items will be present because of
neutron leakage from the reactor vessel. Also, delayed neutrons will be
emitted in the interior of the piping and equipment from fission products
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in the fuel solution. These neutron fluxes may be estimated, and knowing
the surface areas and material constituents of the equipment, the resulting
induced activation may be calculated. Methods of calculating induced
activation are reported in the literature [27,28].
The effect of induced activation may be controlled to some extent by
attenuating neutron leakage from the reactor through an adequate thermalneutron shield surrounding the reactor vessel. Also, the constituents of
the structural materials in the cell may be specified in such a manner that
elements of potentially high neutron activation, such as the cobalt normally
present in stainless steels, are minimized. Other materials, such as boron,
which has a high neutron-capture cross section and is an alpha emitter
rather than a gamma radiator, might be used on equipment surfaces to
minimize induced activity.
Radiation dosages. Design criteria followed in the design of shielding and
tooling for remote-maintenance operations are based on tolerance radiation levels that are acceptable for normal operations. In continuous working areas, radiation levels as low as 1 mr/hr are specified. For certain infrequent operations a level of 7~ mr/hr is permitted. However, during
periods of intense maintenance it may sometimes be permissible to allow
personnel to work in an area of higher than normal radiation, but the total
weekly radiation dosage must be held to 300 mr or less. In some instances
it is necessary to work in relays so that no one person receives a higher than
permissible weekly dosage.
Proposed maintenance concepts [24]. The concepts which have been proposed for the maintenance of equipment in the HRE-2 have been based
on the philosophy of either dry maintenance or underwater maintenance or
combinations of the two. In general, it is assumed that the item requiring
repair will be replaced with a new item and the faulty component removed
to a shielded hot-cell area for maintenance.
Tests of underwater-maintenance procedures proposed for HRE-2 using
special tools and equipment have demonstrated the feasibility of removing
and replacing equipment. In these tests it was demonstrated that contamination of the heavy-water fuel solution by shielding water could be
prevented ·by freezing a plug of heavy ice in the pipe before disconnecting
equipment. Freeze jackets are placed around piping at flange disconnects
for this purpose. Also in the HRE-2, the insulation around piping was designed to avoid the retention of water after draining the flooded equipment.
Piping joints. Removal of equipment in the HRE-2 depends on flanged
joints adjacent to the equipment which may be disconnected and remade
with suitably designed tooling. The joints in the HRE-2 use American
Standard stainless-steel ring-joint, weld-neck flanges modified to permit
leak detection (Fig. 7-13). These flanges are located so that all bolting is
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Fm. 7-19. Universal jig for locating flange positions on HRE-2 replacement
high-pressure valves.

accessible to tools operated from above. The number of loose pieces such
as bolts, nuts, ferrules, and gaskets is minimized by welding nuts to the
flanges such that they become integral with the flange.
Remotely operable tools.* Tools used in the HRE-2 maintenance procedures are generally simple, rugged units mounted on long handles.
They include manual, air-operated, and water-operated socket wrenches
for turning nuts, hooks for lifting, clamps, knives, magnets, etc. Some
typical maintenance devices are illustrated in Figs. 7-19 through 7-22
and described as follows.
The universal high-pressure valve jig shown in Fig. 7-19 is used for
manufacturing replacement high-pressure flanges for the HRE-2. By
placing brackets in appropriate holes, referenced with respect to the 21
high-pressure HRE--2 valves, the position of the flanged pipe ends for any
one of the valves may be accurately determined. With this device, the required number of spare valves for the reactor is minimized, and at the
same time any valve which fails can be remotely replaced.
*Other remotely operable tools are described in Sec. 19.5.6 of the Reactor
Handbook, Vol. II, Section D, Chapter 19, ORNL--CF-57-12-49.
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Fm. 7-20. Spinner wrench for rapid removal of HRE-2 flange bolts.
The spinner wrench in Fig. 7-20 is used for removing bolts quickly after
they are loosened with a high-torque wrench, for spinning the bolts snug
before final tightening and, by use of a right-angle bevel-gear attachment
(not shown), for handling bolts in a horizontal position. It has a chaindrive offset to fit bolts not accessible by direct drive, such as bolts hidden
under pipe fittings and bends.
The flange-spreader tool (Fig. 7-21) is required in remote operations to
spread low-pressure valve flanges to prevent damage to the ring gasket
during removal or insertion of the valves. The tool is shown in place with
the flanges spread and the valve assembly moved back on its cell fixture.
The hydraulic torque wrench in Fig. 7-22 is used to tighten or loosen
bolts on flanges larger than 2-in. pipe size. This wrench is actuated by a
hydraulic (water-operated) cylinder and is capable of applying a 2000 ft-lb
force moment.
Even in the relatively short operating history of HRE-2 the concept of
underwater repairs with tools such as those described above has been
proved to be completely practical. Soon after the reactor attained significant power it was found necessary to replace all the electrical power wiring
-nearly 4000 ft of wire. This was accomplished in a period of three weeks,
with the cell completely flooded. During this period the fuel circulating
pump was removed to recover a set of corrosion samples. The removal
and replacement of the pumn required only 100 hr working time, which
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Frn. 7-21. Flange-spreader tool for preventing damage to gaskets during removal of low-pressure flanges. Shown in place during maintenance operation on
HRE-2.

would have been the total shutdown time if the pump replacement alone
had 1::-een performed. Also, the core inspection flange was removed and the
core inner surface inspected by means of a periscope. In these three major
underwater-maintenance operations no delay or difficulty was experienced.

7-4.10 Containment methods [29]. In designing for the containment of
HRE-2, extremely rigid leakage specifications were set, both for the primary piping system and the shielded tank containing the reactor. In the
case of the piping, the leakage specification was based on the minimum
leak which could be found with the available mass-spectrometer leak-
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Fro. 7-22. Hydraulic torque wrench for loosening or tightening flange bolts.
Shown in operation on HRE-2.

detection equipment, namely, 0.1 cc helium (STP) per day. Allowing for
several such minimum leaks, the equivalent loss of liquid at 300°C and at
2000 psig could be ·as great as 5 cc per day, or a total leakage of approximately 250 curies/day. Because of its volume and surface area, and because of the difficulty in measuring small leakage from very large vessels,
the leakage rate for the reactor tank was set at 10 liters/min or less, at a
test pressure of 15 psi. As indicated in Article 7-4.4, actual leakages were
below this value.
The problem of leakage from the reactor vessels and piping can be catalogued according to the various mechanisms through which leakage might
result as follows: (1) excessive stresses, (2) defective materials or workmanship, (3) corrosion, (4) nuclear accidents, (5) hydrogen-oxygen explosions, and (6) brittle fracture. Each possibility is examined in detail in
the discussion which follows.
Excessive stresses. There are many possibilities for the development of
excessive stresses in a system as complex as the HRE-2. In order to reduce
the likelihood of failure as a result of excessive stress, a maximum allowable
working stress of 12,000 psi was specified for the type-347 stainless steel
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with which the system was fabricated. This permits an additional factor
of safety over the 15,000 psi allowed by the ASME boiler code. As required
by the ASA code for pressure piping, the reactor piping arrangement was
examined for maximum stresses due to pressure, as well as for hoop and
bending stresses resulting from thermal expansion. Equipment was also
studied for determining the magnitude of thermal stresses caused by radiation heating and temperature cycling. Therefore, in order to keep the combined thermal and pressure stresses below the maximum allowable working
stress, the pressure-vessel wall is approximately 2 in. thicker than would
be required otherwise. Heating and cooling rates on the entire system have
been limited to 100°F/hr and 55°F/hr, respectively, and the differential
temperature across heavy metal walls is kept below 100°F. (The cooling
rate is held below the heating rate to minimize rate of flange contraction.)
Cyclic temperature stresses at questionable points in the reactor pressure vessel and steam generators were explored experimentally. Mockups
were fabricated for the testing of the pressure-vessel nozzle joints and the
stainless-steel-to-Zircaloy bolted joint inside the pressure vessel. In each
test the temperature was cycled from approximately 250°F to approximately 600°F in 1/2 hr and cooled back to 250°F in 1/2 hr. After 100
cycles the joints were found to be sound. The main steam generators were
also cycle~ in similar tests. Several tube joints cracked open during the
first 50 cycles. They were repaired and the heat exchangers were subjected
to an additional 10 cycles before final acceptance.
Defective materials or workmanship. Defective materials and poor workmanship constitute another area which required special attention to prevent failures. All materials for the primary systems of HRE-2 were
procured to specifications considerably more rigid than those existing in
commercial practice. Optional requirements such as chemical analyses,
boiling nitric acid tests, and macroetch tests were exercised in all materials
specifications. An additional cost, averaging about 103, was experienced
in the purchase of materials under the more rigid specifications. In some instances, for example with the heat-exchanger tubes, special ultrasonic and
magnetic eddy-current flaw detectors were employed to indicate defective
parts. Three tubes which might have later failed in operation were thus
eliminated. Dye-penetrant tests were applied to tubing bends and to all
welds throughout the reactor to detect cracks and pinholes. None was discovered in tubing bends, but many were found in welds, especially in the
tube-to-tube-sheet welds.
Special attention was given to the welding of stainless steel butt joints,
of which there are approximately 2000 in the entire reactor. The inert-gas,
nonconsumable-electrode method was used almost entirely. Welds were
inspected to considerably higher standards than required by the ASME
code. In addition to being subjected to dye-penetrant inspection, every

394

EXPERIMENTAL REACTOR DESIGN AND CONSTRUCTION

[CHAP.

7

weld was x-rayed. Although the inspection standards were very rigid, only
33 of the welds were rejected, necessitating rewelding.
Carros-ion. Although corrosion is an ever-present possibility for leakage,
the HRE-2 was designed to reduce attack rates so far as possible by keeping velocities below 20 fps, temperatures in the range of 250 to 300°0, and
lining some surface areas with titanium for additional resistance.
Nuclear accidents. Nuclear accidents are likely to be rare in homogeneous
reactors because of the large negative temperature coefficient (0.1 to 0.23
!ik/°C) [30]. As an example, the worst accident considered in the HRE-2
[31] was one in which all the uranium suddenly collects in the reactor core
and results in a reactivity increase of 2.53 !ik/sec. For this rate, starting
at a power of only 0.4 watt, the maximum pressure in the pressure vessel
would be approximately 3900 lb, and the pressure stress in the carbon steel
shell would be less than 30,000 psi.
Hydrogen-oxygen explosions. Since radiolytic gases (deuterium and
oxygen) are produced continuously in the reactor, they are the source of
an ever-present hazard. Explosions may be expected whenever the
deuterium-oxygen-steam mixture is more than 153 gas. For detonations
the required gas fraction is greater. The maximum increase in pressure
from an adiabatic explosion of hydrogen and oxygen is only a factor of
3 to 8, whereas for a detonation the factor might be 23 for an undiluted
mixture. (It is important to note that detonations can occur only in gas
channels that are relatively long and straight.)
In low-pressure areas of HRE-2 the gas was diluted with steam to keep
it noncombustible. Furthermore, a pressure of 500 psi is the basis for
design of low-pressure (atmospheric) equipment. Even for a detonation
the expected peak pressure would be less than the design pressure.
Although an explosion can be tolerated in the high-pressure system with
little danger of vessel rupture, a detonation probably could not be. A
detonation could occur in the gas separator where the gas channel (the
vortex by which the radiolytic gas is collected) is long and straight. It is
calculated [32] that a detonation wave traveling longitudinally along the
vortex would produce impact pressures of the order of 30,000 psi but that
the damage would be limited to the directional vanes inside the separator.
Attenuation of the forces by the solution would limit the pressure rise to
that resulting from combustion of the gas-10,000 psia, which produces a
tolerable wall fiber stress of 35,000 psi. Thus no serious damage is foreseen
from explosions or detonations.
Brittle fracture. It is generally known that ferritic steels are subject to the
phenomenon of brittle fracture. Although the likelihood of brittle fracture
in the HRE-2 pressure vessel was known to be small, an investigation was
made [33] in order to determine the consequences of such an accident as
a result of the pressure rise and missile damage.
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A sudden release of the liquid contents of the fuel and blanket systems3910 lb of solution at 300°C and 2000 psig-would result in a pressure rise
of approximately 30 psi inside the reactor shield. Although it is somewhat
difficult to design a large (25,000 cu ft) rectangular container such as the
HRE-2 container to withstand a 30-psig pressure, it was even more difficult to design it to withstand heavy missiles. Studies indicated that missile
velocities of 50 to 150 fps could be expected. With the HRE-2 vessel,
which weighs 16,000 lb, 1600-lb fragments might be expected. Such a mass
at 100 fps would lift an unrestrained 5-ft-thick concrete shielding plug
nearly 1 ft. For this reason a blast shield was placed around the vessel.
The blast shield was designed to withstand the 1250-psig pressure which
would result from the 300°C liquid, as well as to absorb the energy of the
expanding steam. A 1~-in.-thick wall made of type-304 stainless steel was
found to be capable of absorbing 2.85 X 106 ft-lb of energy with 2% elongation. The fragments from the pressure vessel would accumulate this much
energy in traveling across an annulus of 4.8 in. To provide an additional
factor of safety, the blast shield was constructed to surround the pressure
vessel with an annulus not greater than 2 in.
A similar shield made of carbon steel was installed on both fuel and
blanket steam generators as a final precaution against an explosion which
might damage other equipment and the vapor barrier sufficiently to cause
a release of activity. The probability of failure of the steam generator
shells would not be affected by the presence of neutron radiation because
the generators are located in a low flux region.
The vapor-tight container. If leakage of radioactive solution from the
reactor proper occurs through one of the means mentioned above, an allwelded, vapor-tight tank provides a second barrier to the escape of radiation to the atmosphere. Construction details of this tank, which forms the
liner for the biological shield, are illustrated in Fig. 7-8. After completion
of construction the tank was given a hydrostatic test at an average pressure
of 32 psig, and the welded joints were found to be free of leaks. It was then
reopened for further installation of reactor equipment. Prior to operation
of the reactor at power, the containment vessel was sealed and tested
(Article 7-4.4).

7-4.11 Summary of HRE-2 design and construction experience. Following the completion of HRE-2, personnel associated with the project
recommended design improvements which might be applied to good advantage in future homogeneous reactors. These recommendations are
summarized in the following paragraphs:
(I) There are many components in the HRE-2 system which must
operate in conjunction with one another for continuous operation of the
reactor. Since a failure of any one of these could cause a shutdown of the
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reactor, the probability of shutdown is higher than it would be with components operating independently. In future reactors an attempt should be
made to decrease the dependency upon the simultaneous operation of
essential components. An example of this is a system which can be operated
without continuous letdown from the high-pressure to the low-pressure
system, so that failure of the low-pressure system components will not
necessarily require shutdown of the entire reactor system.
(2) The reactor cell for the HRE-2 contains many structural components made of carbon steel. Flooding the cell with water and removing
radioactive contamination by use of acids will eventually do serious damage
to all these carbon steel surfaces. Wherever possible in future reactors,
corrosion-resistant materials should be used for structural components, or
those components should be protected by coatings which are resistant to
radiation, as well as to acids and water.
(3) In laying out equipment and piping, provision should be made for
walkways, stairs, and ladders to provide convenient access during construction without having to climb on the process and service piping. These
walkways, ladders, and stairs may or may not be removable after completion of construction.
(4) Many items installed inside the reactor cell of the HRE-2 might
have been located outside the radioactive area. These include the cold
traps, which could be located in one of the shielded waste-system compartments, the space coolers, and a number of other nonradioactive components.
(5) In the HRE-2 the sampler is located adjacent to the cell shield, and
it is necessary to remove the sample from the sampler and carry it to the
analytical laboratory in a shielded carrier. The risk of contamination can
be greatly reduced if the hot laboratory is built around the sampler so that
samples may be analyzed without removal from the shield; however, this
would add to the cost of the facility.
(6) Access through the containment seal, which consists of welded pans,
can be made easier through the use of mechanical seals with organic gaskets.
These would not be subject to severe radiation damage since the containment seal is itself shielded from primary radiation.
(7) Control of all operations affecting the reactor should be located
in one central control room. This includes the controls for the chemical
processing system, as well as those for the reactor system and all main controls for the steam turbine and steam auxiliaries. This does not mean, however, that all instrumentation must be in the control room, but only those
things which are necessary to keep the reactor operator informed and to
provide him with primary control of the operation.
(8) In the HRE-2 refrigeration system a petroleum distillate, "AMSCO
125-82," was circulated inside the reactor cell as a secondary coolant because no primary low-pressure refrigerant could be found which would not
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decompose under irradiation to release chlorides or fluorides detrimental to
the stainless steel piping. Carbon dioxide was not selected because the
piping would have to be designed to withstand about 1500 psi. A solution
to this problem would be to use copper for all tubing and equipment in contact with the refrigerant, in which case Freon could be used inside the cell.

7-4.12 HRE-2 construction costs. These costs are summarized in Table 7-7, including that portion of the costs due to the requirement for preventing the possible escape of radioactive material from the reactor to the
building or surroundings.
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2) [34, 35]*
7-5.1 Introduction. Homogeneous reactors fueled with uranium oxide
dissolved in concentrated aqueous solutions of phosphoric acid have a
number of advantages compared with dilute aqueous uranyl solutions for
certain power reactor applications. These applications are based on the
fact that concentrated phosphoric acid solutions have high thermal stability and low vapor pressures. This makes it possible to operate at relatively high temperatures without creating the excessive pressures encountered with dilute aqueous solutions. These temperatures are high
enough to take advantage of the back reaction for recombination of gases
produced by radiolytic decomposition and to eliminate the need for an
external gas system or an internal catalyst. A phosphoric acid solution
reactor, therefore, can be a sealed single vessel with no external components except a circulator for the steam system. In addition, the high
hydrogen density and the relatively low neutron-absorption cross sections
of the phosphoric acid system permit the construction of small, compact
reactors with a low inventory of fuel, which may be ideal for remote
package power plants. Other advantages include the possibility of continuous removal of fission-product poisons and a strong negative temperature
coefficient of reactivity.
Although the advantages of uranium oxide in concentrated phosphoric
acid solutions present a strong case for such a fuel system, the disadvantages, though few in number, are ponderous. In fact, one disadvantage,
the highly corrosive nature of the phosphoric acid to most metals, may well
outweigh all of the advantages. The only metals known to be suitably resistant to phosphoric acid in the concentration and temperature ranges of
interest are gold and platinum. Although with proper desigri the cost of
using such materials in a reactor can be kept within reason, the problem of
providing and maintaining an impervious noble-metal barrier between the
(LAPRE

1

AND

*Based on material prepared by members of the Los Alamos Scientific Laboratories.
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7-7

CONSTRUCTION CosT* (To MAY

1956)

Reactor (HRE-2):
Design
Reactor
Structure and services
Instrumentation
Total design cost (labor OH@ 653)
Reactor installation
Building modification
Reactor cell and shielding
Reactor components and piping
Reactor controls (instrumentation and valves)
Reactor steam system and cooling system
Miscellaneous service piping
Maintenance tools
Waste and off-gas system
Miscellaneous and spare parts
Division supervisory labor
Total installation (labor and material)
Total reactor cost

$549,000
185,000
126,000
$860,000

58,000t
375,000
1,400,000
470,000
161,000
69,000
54,000
78,000
208,000
120,000
$2,993,000
$3,853,000

Containment cost estimate for HRE-2:
1. Additions to shield design, required only to meet containment
specification

$75,000

2. Cost of sealing conduits and wiring

7,000

3. Cost of leak-tight closures on process service lines

23,000

4. Blast shields on reactor components
Pressure-vessel
$35,000
Two steam generators
10,000

45,000

5. Radiation monitoring of service lines
Total cost

10,000
$160,000

*Excluding $800,000 cost of supporting research and development labor.
tBuilding housed HRE-1-initial cost, $300,000.
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TABLE 7-8
PROPERTIES OF LAPRE-1 AND LAPRE-2 FUEL SYSTEMS

Type of uranium oxide
Weight percent HaP04
Vapor pressure, psig 250°C
Vapor pressure, psig 350°C
Vapor pressure, psig 450°C
Overpressure gas
u2ss concentration, g/liter
H concentration, moles/liter (25°C)
H/u2ss
Fuel volume ratio (430°C to 25°C)
Temperature coefficient of
reactivity (per °C)

LAPRE-1

LAPRE-2

UOa
53
400
1800
4500
02
111
90
190
1.33

U02
95
190
300
800
H2
77
62
190
1.16

-8

x 10- 4

-5

x 10- 4

fuel solution and all structural metals with which it might come in contact is
extremely difficult to solve. This problem was not solved in the first experimental reactor to use phosphoric acid system, the LAPRE-1; however,
considerable improvements in fabrication and testing techniques have been
developed for use in the construction of LAPRE-2.
Of the wide range of possible combinations of uranium oxide, phosphoric
acid, and water, two systems appear to be of special interest. The first,
which consists of U03 dissolved in an aqueous solution containing between
30 and 60 w/o of phosphoric acid and pressurized with an oxygen overpressure, was used for the first Los Alamos Power Reactor Experiment
(LAPRE-1). The properties of this solution are given in Chapter 3 and
summarized in Table 7-8. The vapor pressure of this solution at the design
operating temperature of LAPRE-1 (430°C) is 3600 psi.
The second solution (to be used in LAPRE-2) consists of U0 2 dissolved
in a 95 w/ o phosphoric acid and pressurized with a hydrogen overpressure. As seen from Table 7-1, the vapor pressure of this solution at
450°C is only about 800 psi. Because of its reducing properties, the corrosive behavior of this solution is such that anything below hydrogen in the
electromotive series is only slowly attacked. Since the attack rate is proportional to the position of the metals in the series, possible materials
in decreasing order of usefulness are platinum, gold, carbon, silver, and
copper. Although neither silver nor copper is attacked at a rapid rate, both
metals undergo mass transfer, and suitable means for inhibiting this must
be found before they can be considered practical for lining the reactor.
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Fm. 7-23. Plan view of LAPRE-I reactor area (courtesy of Los Alamos Scientific Laboratories).

7-5.2 Description of LAPRE-I. The first experimental reactor,
LAPRE-1, was housed in a cell at the Los Alamos site which had been
built previously to handle highly radioactive materials. The cell was modified by supplementing the shielding with additional concrete on one side
and lead on the other sides and ceiling. A stainless-steel wall was also put
across the reactor end of the cell to permit filling with water for a neutron
shield. Equipment such as the solution transfer pump and sampling system
were located in the cell outside the water-filled portion, while other auxiliaries were located outside the cell.· These included a 12 gpm, 4000-psi feedwater pump, three 6-in.-diameter, 32-ft-long underground solution metering and storage tanks, and an emergency dump tank. Valve controls were
located on the wall of the cell. Figure 7-23 shows a plan view of the
LAPRE-1 reactor area.
Figure 7-24 shows an artist's sketch of LAPRE-1 in which the essential
features of the reactor are indicated. As will be seen from this sketch, the
15-in.-ID cylindrical reactor contains a critical zone above the cooling
coils and a reservoir region below. This latter region, which contains a
hollow cylinder of boron to prevent criticality, provided a storage place for
excess fuel and avoided the necessity for transferring the highly radioactive
fuel solution in and out of the reactor as its temperature changed. The
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FIG. 7-24. Los Alamos Power Reactor Experiment No. 1 (courtesy of the Los
Alamos Scientific Laboratories).

large negative temperature coefficient of reactivity made it impossible to
compensate for the excess reactivity of the cold critical reactor and it was
not considered practical to change the fuel concentration as is done in the
HRE-2. In the LAPRE-1, shim control was achieved by means of the
thermal expansion of the fuel. This was accomplished by initially filling
the reactor with the cold phosphoric acid fuel solution to a level about
7 to 8 in. above the cooling coils. At this level the reactor would become
critical on removal of the control rods, the solution would heat up, expand,
and gradually fill the critical zone. On cooling, the reverse process took
place, making the reactor self-compensating. The reactor vessel was so
designed that at 430°C, the operating temperature, the fluid level would
reach a point just above the flow baffle. In the actual experiment the
reactor was maintained at zero power while the temperature was raised

402

EXPERIMENTAL REACTOR DESIGN AND CONSTRUCTION

Water

Steam

Manifold

Manifold

(CHAP.

7

Heat Exchanger

Graphite
Reflecta1
Platinum Draft
Tube (Critical
Region)
BeO Source

Startup Source

Reflector Shim
fuel Tronsfer
Line

FIG. 7-25. Los Alamos Power Reactor Experiment No. 2 (courtesy of the Los
Alamos Scientific Laboratories).

to 240°C by using electrical heaters located around the exterior of the
vessel. This was done to minimize the positive reactivity change resulting
from starting up the fuel circulating pump, which caused a rapid injection
of lower temperature fuel solution from the reservoir into the core.
Heat removal from LAPRE-1 was accomplished by circulating the fuel
solution at 600 gpm over the cooling coils by means of the centrifugal
sealed rotor pump shown in Fig. 7-24. The 12-gpm feed-water stream,
heated to 800°F in passing through the cooling coils, was simply discharged
to the atmosphere through a quick-closing throttling valve and steam
silencer as a means of dumping of heat. The possibility of fission products
escaping through the steam discharge line was prevented by installing a
70-sec holdup line, suitably monitored for radioactivity, between the
reactor and throttling V[lJve.
In case of accidental stoppage of the pump during full-power operation,
the reactor could be shut down with the control rods. Provision for discharging the fuel solution by hand or through a rupture disk was included
for added safety.
The entire LAPRE-1 vessel and cell components exposed to fuel solution
were gold-plated, with the exception of the rod thimbles and draft funnel
which were made of, or coated with, platinum to minimize neutron ab-
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TABLE 7-9
CHARACTERISTICS OF Los ALAMOS
PowER REACTOR EXPERIMENTS

Power level, M w heat
U 235 in core, kg
U 235 total, kg
Fuel temperature, °C
Fuel pressure, psig
Steam temperature, °F
Steam pressure, psig
Cost of components

LAPRE-I

LAPRE-2

2.0
4.I
8.5
430
4000
800
I800
$250,000

0.8
4.I
6.5
430
700
600
600
$I20,000

sorption. The 22 stainless steel cooling coils, 50 ft long, were clad with
6 mils of gold.
The characteristics of LAPRE-1 and -2 are summarized in Table 7-9.

7-5.3 Operation of LAPRE-1. Final tests on the LAPRE-1 system
were made with a 0.51 M U03 in 7.25 M H3P04 fuel solution. Data were
obtained at room temperature in terms of control-rod position at delayed
critical versus volume of fuel injected into the system,* and results were
interpreted in terms of a simplified calculational model to obtain control
rod worths. For the five control rods, four located on a 3i6 -in. radius
and one central rod, measurements yielded a total worth of 6.33. The
latter results were in good agreement with period measurements at cold
critical. Also inferred from the data was an effective delayed neutron
fraction of 0.0091.
With the reactor filled to a predetermined level at room temperature,
initial heating of the system was achieved by means of electrical heaters
disposed around the outside of the vessel. Heat was applied until a core
temperature of 240°0 was attained; heating by nuclear power was then
initiated. With nuclear power a core temperature of 340°0 was achieved,
at which point the circulator was turned on. Only during the forced convection phase of the operation was a uniform temperature distribution
established in the fuel solution; previous to starting the circulator, the
*Detailed description of the nuclear data obtained during the test is set forth
in "Control Rod Worths vs. Temperature in LAPRE-I" by B. M. Carmichael
and M. E. Battat, TID-7532 (Pt. I), p. I25, U.S.A.E.C., Technical Information
Service Extension, Oak Ridge, Tenn.
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average core temperature was higher than the corresponding reservoir
temperature.
Data were obtained during the course of the experiment in terms of
control rod positions versus core temperature at delayed critical. For the
operation without the circulator, thermocouples located at various points
in the system provided data from which average core and reservoir temperatures could be estimated. With the circulator in. use, the data for
control rod position versus temperature were used to infer the temperature
of the solution level at the top of the baffle. Above this point a further
increase in height did not contribute to the reactivity; hence the system
was solely governed by the temperature coefficient of reactivity. Based
on the calculated negative temperature coefficient for the system
( ,...._,8 X 10- 4 / 0 C) it was found that the rods were worth 30 to 403 more
at 390°C than at cold critical.
A maximum temperature of 390°C at an operating power of about
150 kw was achieved in the experiment. No steam data were obtained
during the test because of a failure in the heat-exchanger assembly after a
number of hours of operation. Inspection of the assembly after a cooling-off
period indicated that a rupture in the gold cladding of two of the lead-in
tubes was responsible for the failure. This rupture was probably due to
a bonding between the gold cladding of the tubes and the gold plate of the
baffle, in conjunction with vibration of the tubes resulting from the operation of the circulator. Although no further tests with LAPRE-I were
conducted after October I 956, careful inspection of the reactor parts
after disassembly provided information valuable to the construction of
LAPRE-2.

7-5.4 Description of LAPRE-2. The second power reactor experiment,
LAPRE-2, was constructed in an underground steel tank 50 in. in diameter and 20 ft long located at a site approximately 100 feet from
LAPRE-I. A sketch of the reactor is shown in Fig. 7-25. Because of the
lower vapor pressure of the LAPRE-2 fuel solution the design and method
of controlling LAPRE-2 differ from LAPRE-I. As shown in the figure,
the reactor vessel has a simple autoclave shape with relatively thin
(5/8-inch) walls. This compares with the 3-in.-thick vessel required for
LAPRE-I. The cooling coils in LAPRE-2 are located above the reactor
core, which has the advantage of providing a noncritical region for excess
liquid in case of overfilling. Cooling is accomplished by natural convection circulation of fuel solution over the cooling coils. Fuel circulation is
aided by an inverted platinum cone in the core region. A I-ft-thick graphite
reflector surrounds the vessel. The inner 6 in. of this reflector can be moved
slowly to adjust the reactivity at varying fuel concentrations.
Cold criticality is achieved by slowly filling the reactor with fuel solution
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from a water-cooled copper tank pressurized with hydrogen. The line
connecting the tank and reactor is gold clad (0.010 in.). After the reactor
becomes critical with cold fuel solution, further additions are made until
the desired operating temperature of 430°0 is reached. A separate pancakeshaped cooling cqil, located just above the main tube bundle, serves as a
level indicator. A thermocouple in the discharge of this coil indicates
whether there is power removal and thus if the coil is immersed.
All parts of LAPRE-2 are completely clad with fifteen mils of gold to
provide 1003 protection of the structural metal from the fuel solution.
This gold, as well as the platinum and noble metals used in LAPRE-I,
are recoverable after conclusion of the reactor experiments.
The 600-psi, 600°F steam produced in the LAPRE-2 is of somewhat
lower quality in terms of power production than LAPRE-1 because of
the lower operating pressures. However, at a design level of 1.3 Mw heat,
the reactor could produce 250 kw of electricity which is acceptable for a
remote power station.
The characteristics of LAPRE-2 are summarized in Table 7-9. Construction of the reactor proceeded through 1957 and was essentially completed in early 1958.
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CHAPTER 8
COMPONENT DEVELOPMENT*
8-1.

INTRODUCTION

The reliability of equipment for handling radioactive fuel solutions and
suspensions is considerably more important in homogeneous than in heterogeneous reactors because the residual radioactivity of such equipment
after shutdown of the reactor precludes direct maintenance. The possibility of failures of individual components in a homogeneous reactor,
moreover, is considerably increased by the corrosive or erosive nature of
the media being handled and the temperature fluctuations encountered
during startup and shutdown operations. The technical feasibility of circulating-fuel reactors is so dependent on the behavior and reliability of
mechanical components that there is little likelihood that large-scale plants
will be built before the performance of each piece of equipment has been
adequately demonstrated. In this regard, the development of satisfactory
valves, feed pumps, mechanical joints, and remote-maintenance equipment
for large-scale plants appears to be most difficult.
The component development work at ORNL has been directed primarily
toward equipment for use in the Homogeneous Reactor Experiment
(HRE-1) and the Homogeneous Reactor Test (HRE-2). Although the
HRE-2 has both a core and a blanket, most of the components in these
two systems are identical and designed for use with solutions rather than
suspensions.
Since suspensions, or slurries, have not been used in either of the homogeneous reactors built by ORNL, the slurry equipment problems have
received less attention than corresponding solution problems. Much of
the solution technology can be applied to slurries, although additional
difficulties such as the settling tendency of slurries, their less ideal fluid-flow
behavior, and their erosiveness must be taken into consideration.
The following pages give descriptions and illustrations of the aqueous
reactor components which have been selected and developed for use at
ORNL.
*By I. Spiewak, with contributions from R. D. Cheverton, C. H. Gabbard,
E. C. Hise, C. G. Lawson, R. C. Robertson and D. S. Toomb, Oak Ridge National
Laboratory.
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Fm. 8-1. Conceptual design of two-region reactor with slurry blanket. Arrows
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8-2.l Core and blanket vessel designs. Core hydrodynamics. Flow
tests have been conducted on a variety of spherical vessels simulating
solution-reactor cores which have been selected to meet the following
criteria:
(1) Heat removal from all points must be rapid and orderly to prevent
hot spots from being generated.
(2) Radiolytic gas formed from water decomposition cannot be permitted to collect in the reactor.
(3) The pressure drop should be low.
(4) The core tank should be maintained at a low temperature to prevent
excessive corrosion rates.
Three geometries which satisfy the above requirements have been investigated. The first, straight-through [l], involves diffusing the inlet flow
through screens or perforated plates [2] to achieve slug flow through the
sphere. The second, mixed [3], involves generating a great deal of turbulence and mixing with the inlet jet so that the reactor is very nearly isothermal. The third, rotational [4], is somewhat between the first two; the
fuel is introduced tangentially to the sphere and withdrawn at the center
of a vortex, at the north and south poles.
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In the straight-through core, used in HRE-2, the flow enters upward
through a conical diffuser containing perforated plates. The number of
perforated plates is determined by the ratio of sphere diameter to inlet-pipe
diameter. In general, this ratio will be smaller for a larger reactor, resulting
in fewer plates and better performance. The velocity distribution leaving
the plates can be made to conform approximately to the flux distribution
of the reactor. As a result, the isotherms in the core are horizontal, and the
temperature rises smoothly toward the outlet at the top. The gas bubbles
rise upward at a velocity greater than that of the liquid and are removed
with the liquid. The over-all pressure drop is about 1.5 to 2.0 inlet-velocity
heads. The core tank is cooled by natural convection.
In the mixed core, illustrated in Fig. 8-1, the inlet and outlet are concentric at the top of the sphere. The inlet jet coincides with the vertical axis
of the sphere and is broken up when it hits the bottom surface. Except for
the cold central jet, the bulk of the core is at outlet temperature. The
velocity of eddies is great enough so that the gas bubbles travel along with
the liquid. The pressure drop is about 1.0 to 1.5 inlet-velocity heads.
The core-tank surface is maintained at a temperature very close to that
of the core fluid by the high turbulence.
In the rotational core, used in HRE-1, the flow pattern tends to produce
isotherms which are vertical cylinders. These are perturbed by boundarylayer mixing at the sphere walls. The temperature generally increases in
the direction of the central axis, which is at outlet temperature. The gas
bubbles are centrifuged rapidly into a gas void which forms at the center
axis and from which gas can be removed. The gas void is quite stable in
cores up to about 2 ft in diameter, but in larger spheres the pumping requirements to stabilize the void are excessive [5]. The pressure drop
through a rotational core is a function of the particular system, but is
usually above 5 inlet-velocity heads.
Slurry blanket hydrodynamics. The suspension contained in the blanket
vessel must be sufficiently well dispersed to assure that a maximum of the
core leakage neutrons are absorbed within the blanket, the neutron reflection from the blanket to the core remains steady, and the transport of
fluids through regions of high heat generation are sufficient for heat removal. The primary flow is taken through a jet eductor where the flow rate
is amplified and forced through a spherical annulus containing the high
heat generation region surrounding the core. It appears that amplification
gains of 2.5 are attainable. The outlet may be located either (1) concentric
with the bottom inlet or (2) at the top. Configuration (1) has the advantage
of high circulation rates in the region outside the shroud. Configuration
(2) has the advantage of better natural circulation in the event of a circulating-pump stoppage.
Also under consideration is a swirling flow pattern similar to the rotational flow which was described under cores.
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Reactor pressure vessels. Three principal types of stresses should be considered in designing the pressure vessels of one- or two-region reactors:
(I) Stresses resulting from the confined pressure.
(2) Thermal stresses resulting from heat production, and consequent
temperature gradients in the metal.
(3) Stresses introduced by cladding if used. Because of the uncertain
residual stresses introduced during fabrication, this factor has not been
taken into account in the past.
The construction material can be chosen on the basis of corrosion resistance and structural and thermal properties with little regard for nuclear
properties. Carbon steel with a stainless-steel cladding was selected for
use in the HRE-2.
Usually the pressure-vessel wall is thin in comparison with the inner
radius of the vessel; the "thin-wall" formulas for calculating pressure
stresses are then applicable [6]. For precise calculations the general equations [7] for vessels with any wall thickness should be used. Thermal
stresses are superposed on the pressure stresses and can be approximated
by conventional formulas for hollow cylinders and spheres [8].
Solution of the stress equations depends upon a knowledge of the radial
temperature distribution, which, in turn, depends upon the manner in
which heat is generated in the metal wall and upon the temperatures at the
inner and outer surfaces. Heat is produced in the metal by the following
processes:
(1) The absorption of gamma rays arising from neutron capture, from
fission products, and from fission within the vessel.
(2) The recoil energy from the scattering of fast neutrons in the shell.
(3) The absorption of gamma rays produced by the inelastic scattering
of fast neutrons in the shell.
(4) The absorption of capture gamma rays produced as neutrons are
captured in the shell.
Although it may be possible to obtain the heat-production function for
the desired cylindrical or spherical geometry, it is simpler and usually
sufficiently accurate to obtain the leakage fluxes of gamma rays and neutrons into the pressure shell for the desired geometry, and then to assume
that the heat-production function in the pressure vessel is the same as it
would be in a plate of the same material. Methods for obtaining the heatproduction function have been summarized by Alexander [9]. The function
can usually be described by the sum and difference of several exponentials.
For some purposes a single exponential can be used as a satisfactory approximation. The accuracy of the various methods has yet to be determined.
To arrive at a conservative design, reasonable methods indicating the
greatest amount of heat generation should be used. The surface temperatures of the pressure vessel are estimated from a knowledge of the tern-
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FIG. 8-2. HRE-2 reactor vessel assembly, fabricated by Newport News Shipbuilding & Dry Dock Company.

peratures of the adjacent fluids and the heat-transfer relationships between
metal and fluids.
Chapman [10] has shown in an analysis of thermal stresses in spherical
reactor vessels that minimum thermal stresses are obtained when the
inner and outer vessel wall temperatures are (l.pproximately equal. Pressure
stresses decrease and thermal stresses increase as shell thickness is increased;
a minimum combined stress occurs at an optimum wall thickness. Often
this stress is greater than the permissible design stress; thermal shielding
must then be provided between the reactor and pressure vessel to reduce
heat production and obtain a reasonable stress.
HRE-2 core and pressure vessel. The HRE-2 reactor-vessel assembly
presented a number of special design and fabrication problems [11].
Since it was desired to minimize neutron losses, Zircaloy-2 was selected as
material for the core tank, which is 32 in. in diameter and 5/16 in. thick.
The main pressure vessel, 60 in. in inside diameter and 4.4 in. thick, was
constructed of carbon steel with a cladding of type-347 stainless steel.
Because of uncertainties in the long-term irradiation damage of carbon
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steel, the pressure vessel was surrounded by a stainless-steel, watercooled blast shield which will stop any possible missiles from the reactor
vessel. Thermal radiation from the pressure vessel to the blast shield
permits the pressure vessel to operate at close to an optimum temperature
distribution from the thermal-stress standpoint.
A special mechanical joint was developed to join the Zircaloy core tank
to the stainless-steel piping system. A bellows expansion joint was used
to permit differential thermal expansion between core and pressure vessel.
Welding procedures were developed for joining Zircaloy and for making
the final girth weld in the clad pressure vessel entirely from the outside.
The HRE-2 core and pressure vessel are illustrated in Fig. 8-2.

8-2.2 Circulating pumps.* Pumps are required in aqueous homogeneous
reactors to circulate solutions and slurries at 250 to 300°C and 2000 psi
pressure, at heads of up to 100 psi. The two main considerations for these
pumps are that they must be absolutely leak free and that they must have
a long maintenance-free life.
At this time the only pumps considered capable of meeting these requirements are of the hermetically sealed canned-motor centrifugal type.
They consist of a centrifugal pump of standard hydraulic design and an
electric drive motor, built in an integral unit.
To illustrate, the 400A pump used to circulate fuel solution in the HRE-2
is shown in Fig. 8-3. The HRE-2 blanket pump is identical except for
having a lower-output impeller. The hydraulic end of the pump is separated
from the motor by the thermal barrier, which is used to restrict the transfer
of heat and fluid from the scroll into the motor section of the pump. This
minimizes thermal and radiation damage to bearings and motor insulation.
The thermal barrier is built with sealed air spaces which aid in thermal
insulation. A labyrinth seal around the shaft is used to reduce the fuel
mixing into the motor. Water-lubricated hydrodynamic journal bearings
and pivoted-shoe-type thrust bearings are used to take the radial and
thrust loads, respectively. In the HRE-2, contact of the motor and
bearings with radioactive solutions is minimized by feeding distilled water
continuously into the motor.
The electric drive is a three-phase squirrel-cage induction motor with the
stator and rotor sealed in thin stainless-steel cans which prevent the
process fluid from coming in contact with the stator or rotor windings.
The cans are supported by the laminations to contain the system pressure
of 2000 psi. The motor is enclosed in a heavy pressure vessel which is
designed to hold the full system pressure in the event of a can failure.
The motor and bearings are cooled by the use of a small auxiliary impeller,
*Prepared from material submitted by C. H. Gabbard.
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mounted on the rotor shaft, which recirculates motor fluid through a heat
exchanger.
In the HRE-2, it is usually desirable to run the fuel pump at reduced
capacity during startups in order to limit reactivity changes. This is
accomplished by starting the 400A pump in reverse, which gives about onehalf of the normal flow. The ability to do this depends on the design of the
impeller and the size of the pump. In larger pumps, it is considered better
to use a two-speed motor to obtain the reduced-capacity operation. The
two-speed motor has an additional advantage in permitting the system to
be heated to operating density at reduced speed, thereby reducing the
required motor size and power consumption.
The service life of the 400A pump, based on out-of-pile tests with solutions, is expected to be two years or more [12]. The slurry pumps currently
being operated have not proved as reliable as the solution pumps, but runs
of up to 3800 hr have been obtained [13]. The hydraulic parts of the pump
are frequently severely eroded, but there has not been a significant change
in the pump output or power requirements during the runs. The pumps
will generally continue to run unless a bearing seizes or breaks down. It
is expected that improvements in bearings and hydraulic design will make
slurry pumps as reliable as solution pumps.
The important problems in solution and slurry circulating pumps are
discussed below.
Stators. Pumps have been built with oil-filled stators to improve heat
removal from the windings and to balance the pressure across the stator
can. These pumps are undesirable for long-term reactor service because
the oil is subject to radiation damage and requires frequent replacement.
Pressure-balanced stator cans have also proved to be unsatisfactory
because of the difficulty in maintaining the proper balance. In pumps of
up to 400-gpm capacity, the problem of cooling the stator windings does
not seem too severe, and the dry-stator design with the can capable of
withstanding the full 2000-psi system pressure seems to be the best and most
commonly used type. In larger pumps, manufacturers are tending to use
a compound of silicone resin and inert filler material to improve heat removal from the windings.
Most manufacturers insulate their motors with class H insulation consisting of Fiberglas cloth impregnated with a silicone varnish binder. This
insulation is probably good for several years' operation in circulatingfuel reactors, depending on the radiation level of the pump, but over a
period of time the insulation can be expected to fail because of the decrease
in resistivity and dielectric strength. Hydrogen, released from the silicone
varnish during irradiation, may also build up enough pressure to rupture
the stator can when the system pressure is reduced. The HRE-2 is expected
to yield much information on motor life. Estimates made for the fuel
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FIG. 8-3. The Westinghouse 400A pump used to circulate fuel solution through
the HRE-2.

circulating pump of the HRE-2 indicated that the insulation will be subject to failure in approximately five years, assuming that the outside of the
motor is protected by a 1-in. lead shield and the inside of the motor is
kept purged free of fuel solution [14]. Tests are being initiated at the
present time to determine the life expectancy more closely by irradiating
stators in gamma and gamma-neutron fields.
The ultimate solution to the insulation problem is probably the use of
ceramic insulation that would be completely radiation resistant. However,
considerably more development work will be required before this type of
insulation becomes usable. There are data available which indicate that
silicone-resin-bonded reconstituted mica (Isomica, trademark name of
Mica Insulator Co.) may have better radiation resistance than Fiberglas
and silicone varnish. If this material proves to be better from a radiationdamage standpoint, it can probably be incorporated into a pump at a much
earlier date than the ceramic insulation.
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Bearings. The standard Stellite-vs-Graphitar hydrodynamic bearings
have indicated little or no wear in pressurized-water systems. Presumably
their performance in aqueous homogeneous systems would be comparable
if the motor can could be kept in contact with the water only. In practice,
bearing life of 13,000+ hr has been achieved in actual contact with uranyl
sulfate solutions; however, continuous wear was observed, indicating that
eventually the bearing surfaces will fail.
Laboratory tests in water and tests on small pumps in solutions have
shown that aluminum oxide bearings and journals have superior wear
resistance as compared with the Stellite-vs-Graphitar combination. If
service tests conducted on larger pumps are successful, the aluminum
oxide bearings will be adopted as standard in solution pumps.
There is some doubt whether the hydrodynamic-type bearings currently
being used will be suitable for long-life slurry pumps. There have been very
few runs completed in which the bearings were not badly worn. However,
preliminary tests of small pumps with aluminum oxide bearings have
shown promise. It is planned, also, to evaluate the performance of hydrostatic (pressurized-fluid) bearings in dilute slurries.
In some cases, excessive wear has occurred in the thrust-bearing leveling
linkages of the 400A-type solution and slurry pumps. In this bearing the
thrust load is supported by a linkage system which used 1/8- and 1/4-in.diameter pins to transfer the load from link to link. It is uncertain whether
this wear at the contact point is caused by high stresses or by fretting corrosion. A thrust bearing with line-contact linkages and alternate materials
at the contact points will be evaluated in an attempt to correct this problem.
Hydraitlic parts. In uranyl sulfate pumps, excellent wear resistance is
obtained by using titanium for impellers, wear rings, and diffusers.
Stainless-steel hydraulic parts have also been used successfully in many
cases [15].
·
The general design of slurry pumps is similar to that used for uranyl
sulfate pumps. The properties of the slurry are such that only a power
correction for the higher specific gravity is necessary in the hydraulic
design of the impeller. The coefficient of rigidity (viscosity) is generally
not high enough to require a correction to the head-capacity curve. A
most severe problem in slurry pumps is the combination of corrosive and
erosive attack on the hydraulic parts.
The primary difference in the design of a slurry impeller is the use of
radial balancing ribs on the top impeller shroud in place of the top wear
ring on a conventional pump. In a conventional pump (Fig. 8-3) there
are small holes which vent the area within the top wear ring to the pump
suction pressure. This is done to balance some of the hydraulic thrust and
therefore reduce the load on the thrust bearing. In certain cases these
balancing holes have become plugged with slurry [16], which upsets the
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thrust balance and causes high thrust-bearing wear. The balancing vanes
eliminate one set of wear rings, which are subject to high attack rates,
and also tend to centrifuge the slurry particles to the outside, which aids
in preventing the slurry from entering the motor through the labyrinth
seal.
On the pumps currently in use, the damage to hydraulic parts is usually
limited to the wear rings, the tips of the impeller vanes, and to the volute
"cut water," which is the point adjacent to the pump discharge where the
volute curve starts. The attack at these points can be reduced by proper
material choice and by using proper design of the flow passages. The best
materials which have been found for the hydraulic parts are Zircaloy-2 and
titanium, with Zircaloy being better in laboratory corrosion tests. There are
no test results for pumps using Zircaloy parts at this time, but vacuumcast parts have been obtained and placed into service. Other materials are
to be given laboratory corrosion tests, and promising materials will be
service tested.
The wear rings of the present pumps are being redesigned to provide
smooth throttling surfaces rather than the serrated type presently in use.
The smooth surfaces should reduce the turbulence and corrosion considerably, with a very small increase in flow through the rings. One service test
has shown that the damage to this type of wear ring is decreased considerably [17]. A test is being planned to determine whether radial vanes
on the lower impeller shroud similar to the balancing vanes discussed
earlier will reduce the attack rate on the lower wear rings. The radial
vanes will reduce the pressure drop across the wear rings and may reduce
the concentration of slurry flowing through them by centrifugal action.
It is uncertain whether a volute type scroll or a diffuser type scroll is
preferable. The volute type scroll has the advantage of having only the
cut-water subject to high attack, but has the disadvantage of having a
pressure drop across this point, resulting in perpendicular flow across the
cut-water. The diffuser has numerous points which could be eroded, but
the flow around these points should be smoother than that at the cut-water
and may not cause excessive damage.
The surface finish on the hydraulic parts is also very critical and the
surface variation should be held to 65 microinches or less. This is especially
evident at areas where the impeller surfaces have been ground during the
dynamic-balancing operation. If these areas are not properly finished,
the scratches will be severely attacked.
Thermal barriers. In pressurized-water pumps, the primary function
of the thermal barrier is to retard the transmission of heat into the motor.
In solution and slurry pumps, another function, that of preventing fluid
mixing from pump to motor, is of critical importance.
This mixing can occur at two places, at the shaft seal and around the
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Fm. 8-4. 6000-gpm top-maintenance pump for circulating solutions through a
50-Mw reactor, being built by Reliance Electric Company.

outer edge of the barrier. In the 400A pump, the mixing rate at the shaft
labyrinth seal has been reduced to 3 cc/hr by redesign of the seal and by
the use of a 5-gph purge flow through the motor [18]. Further improvements in shaft seals are being attempted.
The seal around the outer edge of the 400A thermal barrier was originally
a mechanical joint, with the head developed by the pump across it. The
purge system did not develop enough pressure to prevent solution leakage
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through this joint into the motor. Any small leak was rapidly enlarged
by corrosion until excessive motor temperatures were reached. The problem was solved by seal-welding the joint. However, it would have been
preferable if the joint had originally been designed for welding.
Pump closures. Conventional canned-rotor pumps, such as those used
in the HRE-2, have a large seal-welded closure at the bottom of the stator.
Dismantling this closure for pump maintenance is impractical at the
present time because of the extremely high level of radiation at the
closure.
From a maintenance standpoint, a "top-maintenance" pump appears
to be advantageous. Direct-maintenance practices can be used to bolt and
unbolt the main flange. The pump casing is a permanent part of the
piping system. A top-maintenance pump being developed for the HRE-3
is illustrated in Fig. 8-4.
In a top-maintenance pump, a mechanical thermal-barrier joint cannot
be avoided, since the barrier must be removable from the casing. The
joint must be loaded using the top closure bolts, and the entire mechanical
system must have some flexibility to compensate for differential thermal
expansion of the long motor. A venting system, shown in Fig. 8-4, is used
to eliminate the pressure drop across the thermal-barrier gasket so that
there will not be significant leakage even if the joint is not perfectly tight.
In this case, the purge flow should be effective in preventing leakage of
process fluid into the motor.

8-2.3 Steam generators. The performance of steam generators required
for homogeneous reactor service, measured in terms of undetectable leaktightness during long-term operation, considerably exceeds that of similar
units in conventional plants. Unfortunately, no method has yet been
developed of remotely locating and repairing leaks in a radioactive heat
exchanger without removing the entire unit. Failure of the steam generator
in a homogeneous power reactor, therefore, would lead to excessive shutdown time and must be avoided if at all possible.
HRE-2 steam generators. The heat exchangers used in the HRE-2,
shown in Fig. 8-5, place reliance on the careful welding and inspecting
of tube-to-tube-sheet joints and the extensive thermal-cycle tests which
were carried out prior to actual operation in the reactor. In addition,
thermal gradients which would lead to excessive stresses dl.lring reactor
startup and shutdown are held within specified limits. Although the
units fabricated for HRE-2 have been tested with the most advanced
inspection methods available for both materials and workmanship and have
met initial leaktightness specifications, only through operation of the
reactor will it be possible to judge the adequacy of these precautions.
The characteristics of the HRE-2 steam generators, which were manu-
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TABLE 8-1
DESIGN DATA FOR THE HRE-2 HEAT EXCHANGER
Shell side

Circulation rate, lb/hr
Temperature in, °F
Temperature out, °F
Operating pressure, psia
Velocity, fps
Pressure drop, psi
Heat exchanged, kw
Fouled UF, Btu/(hr)(ft2 )(°F)
Heat-transfer area, ft 2
Tube outside diameter, in.

Tube side
1.79 x 10 5
572
494.5
2000
11.3
18.5

1.62 x 104
180
471
520
67 (in outlet pipe)
5000 (1.71 x 107 Btu/hr)
670 (based on UF 3/4 Uc)
480
0.375

=

factured by the Foster Wheeler Company, are summarized in Table 8-1.
In fabricating these steam generators, all-welded construction was used on
components that were to be exposed to the process solution. lnterpass
leakage is controlled by use of a gold gasket. Considerable attention was
given to obtaining the highest quality tubing, which was inspected by
ultrasonic and magnetic flaw detectors capable of detecting imperfections
as small as 0.002 in. Following the bending and annealing operations,
each tube was inspected for surface defects with a liquid penetrant and
subjected to a 4000-psi hydrostatic test. After passing all these tests, the
tubes were rolled into the tube sheet and welded by an inert-gas-shielded
tungsten-arc process. Quality-control welds were made periodically during
the tube-joint welding and were subsequently examined by radiographic
and metallographic methods.
After fabrication, the units were subjected to 50 primary-side thermal
cycles covering temperature changes more severe than those likely to be
encountered in subsequent operation. The units were then helium-leaktested at atmospheric pressure with mass-spectrometer equipment capable
of detecting leakage lower than 0.1 cc of helium at STP per day. Leaks
were repaired and the thermal-cycle test and leak test were repeated until
no leakage was detectable.
The HRE-2 steam generators were thermal cycled with diphenyl as the
heating medium. After the test, extensive carbon deposits were found in
the tubes. After considerable difficulty, the deposits were removed by
high-temperature flushing with oxygenated water and uranyl sulfate solution. Future thermal-cycle tests will be made with steam as the heating
medium.
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Frn. 8---6. The HRE-2 spare heat exchanger, fabricated by Babcock & Wilcox
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The tube-to-tube-sheet joint is the most damage-sensitive portion of the
steam generator. The primary side is subject to corrosive fuels, and the
secondary side is subject to crevice corrosion and stress-corrosion cracking.
Primary-side corrosion is controlled satisfactorily by maintaining velocities
below 15 fps and minimizing high-velocity turbulence in the headers.
Secondary-side corrosion is limited by strict control of boiler-water chemistry, particularly chloride content. One method which has been proposed
for eliminating the stress-corrosion problem is the use of composite tubing
such as stainless steel-Inconel, where the two materials are exposed only
to fuel solution and boiler water, respectively.
Another problem in the operation of steam generators in a radioactive
environment is the generation of radiolytic oxygen in the boiler water.
This oxygen is stripped very rapidly by the steam, which contains about
2 ppm of oxygen. Hydrogen is released at the same time. The corrosivity
of this mixture is not yet known, but it can be controlled by the use of
inhibitors and by proper selection of materials for use in thin metal sections
where pitting attack is undesirable.
H RE-2 spare steam generator. The steam generator shown in Fig. 8-6
was constructed as a possible replacement in case of failure of an HRE-2
steam generator. Although the over-all geometry of this unit, fabricated
by the Babcock & Wilcox Company, conforms to the space requirements of
the present steam generators, the design was changed to minimize the
possibility of stress-corrosion cracking of the tubes on the shell side by
eliminating crevices in contact with boiler water.
The steam generator contains eighty-eight 5/8-in.-OD, 0.095-in.-thick,
type-347 stainless-steel tubes. The tubes have multiple U-bends to provide
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the required length for heat-transfer surface. Each tube is brought out
through the shell of the exchanger, and then all the tubes are collected in
the inlet and outlet headers. Thermal sleeves are utilized at every connection of the stainless tubes to the carbon-steel shell wall. Their function
is to prevent high thermal stresses in the tubes by distributing the temperature gradient between shell and tubes along the length of the thermal
sleeves. The normal crevice between tubes and tube sheet, which is the
site of possible corrosion failures, is eliminated. Each sleeve consists of an
austenitic type-347 stainless-steel section which is welded to the tube on
one end and to a carbon-steel section of the sleeve on the other. The
carbon-steel sleeve is then welded to the carbon-steel shell to seal the
secondary side. Only austenitic type-347 stainless steel is exposed to fuel
solution.
Slurry steam generators. The mechanical design of heat exchangers for
slurry service should not differ greatly from that for solution service.
However, the design must assure that
(1) The pressure drop across all tubes is sufficient to maintain the slurry
in suspension.
(2) The headers have no stagnant regions where sediment can accumulate.
(3) The tube-sheet joints are sufficiently smooth to prevent fretting
corrosion by the slurry.
(4) The headers and tubes drain freely.
From the heat-transfer relationships for Bingham plastic slurries,
described in Article 4-4.5, it is evident that for optimum design of steam
generators the flow of slurry through the tubes should be turbulent.
Large heat exchangers. The Foster Wheeler Corporation has prepared
preliminary designs of 50- and 300-Mw heat exchangers [19]. Both singledrum integral units and units with separate steam drums were considered
in the 50-Mw size; only two-drum units were considered in the 300-Mw
size. Two-drum units, in general, give operational characteristics superior
to those of integral units, but require more shielded volume and reactor
space for installation. The two-drum unit has more stable steam generation
at power and provides greater assurance of high steam quality. The major
problems introduced by increasing size are higher tube-sheet thermal
stress and increased difficulty in the manufacture of large forgings.
The 50-Mw design employs approximately 2200 tubes 3/8 in. in diameter
(5960 ft 2 of heat-transfer area); the 300-M w design uses approximately
11,400 tubes of the same size (32,000 ft 2 ). Most of the designs have stainless
steel clad on steel for tube sheets and heads, and steel for steam shells.

8-2.4 Pressurizers. A pressurizer is required in an aqueous fuel system
to provide (1) sufficiently high pressures to reduce bubble formation and
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cavitation in the circulating stream, (2) reactor safety by limiting the
pressure rise accompanying a sudden increase in reactivity, and (3) a surge
chamber for relief of volume changes.
Three general methods of pressurizing have been used in test loops
and experimental reactors:
(1) Steam pressurization, such as is used in the HRE-2, where liquid
in the pressurizer is maintained at a higher temperature, hence a higher
vapor pressure, than that of the circulating system.
(2) Gas pressurization, where liquid in the pressurizer is at the same
temperature as the circulating system but excess gas is added to the vapor
above it; if the pressurizing gas is free to diffuse into the circulating liquid,
it reduces the solubility of radiolytic deuterium and enhances bubble
formation.
(3) Mechanical pressurization, where pressure is maintained with a
pump and relief valve; this system is most satisfactory except that it is
difficult to relieve sudden large volume changes following a reactivity
change. This system therefore has been limited to nonnuclear test loops.
Solution pressurizers. Solution steam pressurizers must satisfy rather
strict chemical criteria. Stainless-steel surfaces in contact with solutions
must not exceed temperatures at which heavy-liquid-phase solutions form,
giving rise to rapid corrosion [20]. Undesirable reduction of uranium must
be avoided by the presence of some dissolved oxygen. Undesirable hydrolysis of uranyl ion must be avoided by control of the chemistry and temperature in pressurizer solutions [21]. The vapor-phase concentration of
deuterium should be maintained below the explosive limit. One solution
to these problems, used in the HRE-2, is the generation of steam from distilled water rather than from fuel solution. Another solution is the boiling
of solutions in corrosion-resistant titanium. A third solution is the use of
fission-product heating rather than external heating to reach the desired
temperature.
Gas pressurizers using 02 gas are attractive from the solution-stability
standpoint. Care must be exercised to prevent excessive amounts of dissolved oxygen appearing as bubbles in the circulating reactor stream. This
can be accomplished either by continuous letdown of fuel solution or by
use of a mixed steam-gas pressurizer where gas supplies only a portion of
the desired overpressure.
Heat may be supplied to pressurizers by several methods. Electrical
heating of pipes, used in the HRE-2, is very convenient but makes control of surface temperature difficult. Heating media such as steam, Dowtherm, liquid metals, etc., simplify the temperature-control problem but
introduce costly auxiliaries. Fission-product heating is simple but rather
difficult to regulate. Since the heating problem is so complex, selection of
an optimum system for a specific application is quite difficult.
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Fm. 8-7. HRE-2 pressurizer.
Deuterium concentration may be controlled by designing the pressurizer
in a manner which makes buildup of gas improbable, by contacting the
vapor with solid or solution catalyst, or by venting.
HRE-2 pressurizer. Several design configurations were studied for
steam-pressurizing the HRE-2 core system [22]. Both an integral type
unit (Fig. 8-7) incorporating a steam generator and fuel surge volume
within the same vessel, and a two-unit system utilizing separate steamgenerator and surge-volume vessels were considered. The basis of both
systems was the vaporization of a stream of "clean" purge water, pumped
from the reactor low-pressure system, to obtain the required steam overpressure.
The integral unit was chosen because of its simpler design and its ability
to maintain a very low dissolved-solids concentration in the boiling water.
Approximately 60% of the purge water overflows and 40% is vaporized.
In determining the internal configuration of the unit, it was necessary
to establish a second basic design criterion. Owing to the nature of the
system selected, continuous operation of the purge pump is essential to
maintaining steam overpressure. Since this type of pump may fail, it was
decided that sufficient water should be stored in the steam generator to
maintain full operating pressure for at least 1 hr after a purge-pump failure.
This appeared to be adequate time for either emergency repair of faults
on the oil side of the purge-pump system or arrangement of an orderly
shutdown.
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A general description of the basic design and system operation follows:
The low-pressure condensate, pumped to loop operating pressure by a
diaphragm pump, passes through the letdown heat exchanger, where it is
preheated to about 280°C and then enters the lower header of the steam
generator, as shown in Fig. 8-7. Clamshell heaters are attached to four
pipes inclined upward at 55 deg. Heat-load calculations indicate that
32 kw are required under rapid-startup load conditions; however, at steady
state the heat load becomes 12.4 kw. Part of the purge water entering the
heater legs (40 lb/hr) is vaporized to provide the desired steam overpressure. The remainder enters a storage pool in the main pressurizer drum.
Natural recirculation of this water occurs through two downcomers.
The storage-pool level is maintained constant by allowing excess purge
water to be removed through a series of 1/8-in. orifice holes located in the
end plate of the steam generator. A 1/2-in. hole centered 5/8 in. above
the orifice holes is provided as an overflow in case the orifice holes become
plugged. A method of increas:ihg the surge volume, without changing the
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storage pool level, is to insert a pipe from the surge chamber through the
storage pool.
A single pipe connects the pressurizer surge chamber to the main core
loop. Liquid level in this pipe is maintained at a point about 10 in. below
the inside diameter of the pressurizer drum by a liquid-level controller.
The clamshell heaters are carefully machined to fit the heater pipes and
strongly clamped to promote contact. There are eight separate Calrod
heaters in each clamshell, so that failure of a few heater elements will not
affect the pressurizer greatly.
Vapor-phase deuterium is kept under control in that during normal
operation it has no way to enter the pressurizer. If a small amount of gas
does enter the pressurizer it will be dissolved in purge water overflowing
into the reactor system. A large amount of gas would be vented.
Slurry pressurizers. The physical problems of slurry pressurizers are
similar to those of solution pressurizers. The chemical problems are fortunately not present. The pressurizer may be designed to promote settling
of solids so that pure supernatant water is available as a working fluid. It
is necessary, however, that the pressurizer be designed to prevent accumulation of cakes or sludges. This is usually accomplished by flowing all or
part of the circulating stream through the bottom of the pressurizer. This
must be done carefully in steam pressurizers to prevent mixing of cool
circulating fluid with the heated pressurizer fluid above.
Typical pressurizer designs. Several pressurizer designs applicable to
test systems or reactors are illustrated in Fig. 8-8.
In the slurry steam or gas pressurizer (a) slurry at circulating temperature
sweeps the bottom of the pressurizer tank, preventing the formation of
cakes. Two nozzle arrangements are shown. The baffles are used to minimize turbulence and mixing in the system.
In the solution or slurry gas pressurizer (b) a jet is used to contact fuel,
which contains a liquid-phase catalyst, with pressurizer vapor. This maintains the vapor at a low D 2 concentration. The high-velocity regions in
this system should be constructed of special wear-resistant inserts such as
titanium or zirconium.
The boiling-solution pressurizer (c) has a fuel storage tank where solution
just out of the reactor is heated by its own fission-product decay and
dissolved D2 recombines nearly quantitatively. Additional heating is
supplied, if necessary, by condensing Dowtherm. The mixture of steam
and fuel solution is separated; the steam flows into the pressurizer and the
fuel is cooled to a chemically acceptable temperature before re-entering the
circulating system. The fuel storage tank, Dowtherm heater, steam separator, and solution cooler are made of titanium. High-strength alloy
Ti-110-AT is preferred to commercially pure titanium in order to increase
the strength of these parts.
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8-2.5 Piping and welded joints. The various codes [23] dealing with
pressure piping have proved very satisfactory for determining the strength
required for reactor piping. Pipes are sized on the basis of experimentally
determined maximum velocities for low corrosion and/or erosion rates.
The austenitic stainless steels are used for most piping applications.
Because of the fact that the piping system of a homogeneous reactor must
be absolutely leaktight throughout its service life, care is exercised in
selecting pipe of the highest obtainable quality. The chemical composition
and corrosion resistance are checked. Rigid cleanliness is maintained during
fabrication to prevent undesirable contaminants.
The design of solution piping systems must eliminate stagnant lines
where oxygen depletion may cause solution instability and plugging.
Slurry piping systems should be designed to prevent settling, which can
cause plugging or make decontamination very difficult.
Piping layouts. In laying out the piping system for an aqueous-fuel
homogeneous reactor, sufficient flexibility must be incorporated in the
system to absorb thermal expansions without creating excessive stresses
in the pipe wall, and to avoid high nozzle reaction loads at the equipment.
Equipment must be located where it will be accessible for maintenance,
and the piping adjacent to such equipment must be placed so that it can
be disconnected and reassembled remotely. These requirements may
result in a piping system of excessive length with resultant high fluid
holdup and pressure drop. The final design, therefore, must be a compromise between the various conflicting requirements of flexibility, maintenance, holdup, and pressure loss in the line.
Methods of piping analysis and evaluation as presented by Hanson and
Jahsman [24] may be used for analyzing the piping layouts in homogeneous
reactor systems. An application of the Kellogg method [25] was used by
Lundin [26] to analyze stresses in the HRE-2 system. Specific rules on
how to absorb the effects of thermal expansion of a piping system by the
provision of a flexible layout are given in the Code for Pressure Piping,
ASA B31.1-1942, Sec. 6.
Welded joints. Welded joints are recommended in preference to mechanical joints for reactor piping. Welds are made approximately equal in
strength and corrosion resistance to the base metal. Pipe and fittings are
designed to utilize full-penetration butt welds throughout the piping system. Welds that are to contact process fluids are inspected thoroughly to
ensure that no crevices are present and that penetration is complete. Such
defects could result in crevice corrosion leading to leaks.
The first 1/8 in. on the process side is deposited by use of bare-wire filler
metal and inert tungsten-arc welding techniques. The ferrite content of
the deposit is controlled to minimize the possibility of cracking. This deposit is inspected visually and with penetrant. If the weld thus far contains
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FIG. 8--9. HRE-2 ring-joint flange, showing leak-detector connection.

no visible defects, it is radiographed to ensure freedom from all defects.
The balance of the weld is then deposited from either bare or coated wire.
The completed weld is inspected again with dye penetrant and radiography.
A small number of inclusions or porosity are permitted in the final layers
which contact air.
Although welding techniques for clean piping are very satisfactory,
remote-welding procedures for·repair of contaminated reactor systems are
only in the development stage. It is desirable to develop methods for
remote cutting, positioning, welding, and inspection of joints, particularly
in large pipes. Possession of these techniques would greatly increase th€
maintainability of circulating-fuel reactors.
8-2.6 Flange closures. Piping flanges. Because a practical machine for
remotely rewelding pipe has not yet been developed, equipment which
must be removable from the system for replacement or maintenance must
be connected to the system with mechanical joints. Several types of
mechanical joints applicable to pressure systems have been described in
the literature, but most have been eliminated from consideration for homogeneous reactor service because their reliability with respect to leaktightness following thermal cycling has not been adequately demonstrated.
The ring-joint flange (Fig. 8-9) incorporating American Standard
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welding-neck flanges and ring-joint gaskets, as described in ASA Standard
B16.20-1956, was used in the HRE-2 and is considered to be the most
reliable closure for reactor piping systems to date. Since there are two
sealing surfaces in this type of joint, it is ideal for leak-detector purge
systems, described below, which prevent even minute leakage of contaminated fluids into the shield.
To enforce proper dimensions for HRE-2 gaskets and grooves, special
master rings and grooves were manufactured to measure dimensions to
±0.0001 in. Although ASA tolerances of ±0.006 in. on pitch diameter are
acceptable, it was convenient to obtain manufacturing tolerances of
±0.001 in. by using these gages and masters. The application of these
tolerances has permitted greater accuracy in fit-up and assures uniform
contact between the ring-joint gasket and the grooves of both mating
flanges. Soft oval or octagonal type-304 ELC stainless-steel rings are used
against the harder type-347 stainless-steel grooves. Typical leakage experienced in a 4-in. 2500-lb flange is 6 X 10- 5 g of water per day at service
conditions.
The bolting of flanged joints presents a serious problem because the
bolts, under thermal cycling, loosen up after only a very few cycles, thus
threatening the integrity of the joint. Whereas the flange bolts of a conventional pressure piping system may be retightened after a few cycles,
this becomes impractical in a homogeneous reactor system after the reactor
has gone critical. In the HRE-2 it was found desirable to initially stress
the low-alloy steel flange bolts to an average loading of 45,000 psi, as
indicated by a torque wrench. After about three thermal cycles this bolt
loading fell to an asymptotic value of approximately 30,000 psi, which was
found to be adequate to maintain the integrity of the joint indefinitely
throughout further operations; no retightening of the bolts was found to
be necessary [27]. Some deformation of flange grooves and ring-joint
gaskets was found as a result of these high loadings. However, with the
use of flanges and rings machined to the close tolerances noted above, there
was no leakage even after test joints had been opened and reassembled
ten to a hundred times.
Although bolt torque measurements are usually considered very approximate indications of load, special techniques were developed which
gave reproducibility to ±10%. Bolts were lubricated with molybdenum
sulfide, and nuts were tightened several times against test blocks which
approximated the flange spacing. Nut-and-bolt combinations were accepted for use after reproducible compressive stresses were produced in
the test blocks for given torques.
Bolts may be loaded more precisely with the use of pin extensometers.
In this technique, a pin is spot-welded into one end of a hole drilled axially
through the bolt centerline. A depth gage measures quite precisely the
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relative strain between the loaded bolt and the unloaded pin. Since both
pin and bolt arc at the same temperature, thermal effects are compensated
automatically. Extensometers arc inconvenient for contaminated maintenance, however.
Because mechanical joints may be expected to leak, some provision must
be made to supply pressure greater than reactor system pressure to the
undersides of the ring-joint grooves. By this means, leaks may he detected
by observations of a drop in pressure in the auxiliary system. At the same
time inleakage of a nonradioactive fluid to the reactor system in the event
of a leak prevents radioactive spills. In the case of the HRE-2, D20 is
supplied to the sealed annuli formed in the gasket grooves at a pressure
approximately 500 psi greater than that in the reactor system. A hole is
drilled through one flange at each pipe joint to the annulus of the ring
groove; the ring-joint gasket is also drilled to interconnect the annuli of
the two flanges. Heavy-wall, 1/4-in.-OD stainless-steel tubing connects
each flange pair with a header and pressurizer in the control area. OR~L
experience has indicated that water is more satisfactory as a leak-detector
fluid than gas, because its pressure change is a more sensitive leak indication and because its surface tension reduces the magnitude of small leaks.
Vickers-.4.nderson joints.* From a remote-maintenance ptiint of view,
a flange requiring as few bolts as possible is desirable. Adaptation of the
Vickers-Anderson type closure appears to be a possible approach to the
problem, since it obtains uniform circumferential tightening with only
two bolts. In this type of joint, two split clamshell pieces are pressed
together with the two bolts. The clamshells bear on conical flange faces
which transform the tangential bolt forces into forces parallel with the
pipe centerline.
Usually a pressure-seal type of gasket is used with the above type of
closure because it is difficult to exert sufficient axial load to seat a ring-joint
gasket. Unfortunately, the present leak-detector concept is not applicable
to such a gasket. Therefore, to permit use of Vickers-Anderson joints in a
reactor, either a new gasket or a different leak-detector concept would
have to be developed.
Bi-metallic joints. A two-region reactor may have the problem of obtaining a leaktight low differential pressure mechanical joint between the
two regions. In the HRE-2, the regions are separated by a zirconium
vessel that must be joined to stainless-steel piping. At this time, welding
and brazing techniques for joining the two materials are unsatisfactory.
Conventional flanges are not satisfactory because of the large difference
in thermal coefficients of expansion for the two materials. A solution to the
problem for the HRE-2 was obtained by using a titanium cylindrical*Based on material submitted by R. D. Cheverton.
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FIG. 8-10. Zircaloy-2 type-347 stainless steel transition joint for HRE-2
pressure vessel.

sleeve gasket with gold inserts for sealing, shown in Fig. 8-10. The gasket,
which consists of four concentric rings, flexes radially to absorb thermal
expansion. The gold-capped surfaces of the gasket that make the seal are
not permitted to rotate or slide relative to the flanges. The joint is loaded
with titanium-alloy bolts.
A ring joint for connecting stainless steel and titanium piping at temperatures up to 650°F has also been developed [28] for possible use with
titanium letdown heat exchanger in the HRE-2. The different thermal
coefficients of expansion of the two materials are bridged by use of a
stainless-steel clad carbon-steel flange in the stainless half of the joint. An
HRE type of leak detector is placed in the clad flange.
8-2.7 Gas separators. The problem of removing relatively small amounts
of gas from a stream of liquid is usually solved by using a settling tank
which permits bubbles of gas to rise to a free surface. In applications in
which the amount of liquid holdup is critical, this approach has the serious
drawback of requiring too much liquid. However, a chamber which imparts centrifugal force to the liquid and "forces" the gas to a free surface
before the liquid leaves the chamber offers a possible solution. Of the
several types of separators which can be used, one of the most promising
is the pipeline or axial gas separator (Fig. 8-11) used in the HRE-2.
The pipeline gas separator consists of stationary vanes or a volute,
followed by a section of pipe in which gas is centrifuged into a void which
forms at the pipe axis. whence it is removed. The energy of rotation is
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FIG. 8-11. HRE-2 gas separator.

partially recovered with vanes or a volute at the discharge end of the
separator.
A model of the gas separator was built and runs were made to test vanes
and volutes of different types for energy conversion and recovery, and
for gas-removal efficiency [29]. It was found possible to control the size
of the gas void by design of the takeoff nozzle. A separator utilizing vanes
was selected for the HRE-2 on the basis of ease of fabrication and because
high-efficiency recovery vanes could be designed. Titanium was used as
a construction material because of its excellent corrosion resistance under
highly turbulent conditions.
The design criteria for vane-type gas separators are discussed in the
following paragraphs.
Pressure distribution. The pressure drop of the liquid stream through a
well-designed gas separator can be approximated by assuming an efficiency
of conversion of pressure to velocity in the rotation system of 903 and a
recovery efficiency of 803. Frictional drop in the vortex will be about
three times that which would be predicted if the absolute velocity of the
vortex near the wall were in axial flow. The !::t.p across the HRE-2 separator
is five inlet-velocity heads or 5 psi.
Length of separator. Length is usually selected to be that necessary to
bring a bubble from the periphery into the central void during the time the
bubble is moving axially through the separator. For the HRE-2 separator
about two pipe diameters are required, but for larger separators the lengthto-diameter ratio increases.
Vortex stability. The degree of rotation for stable operation is such that
the centrifugal forces on a bubble are greater than the gravitational forces.
The dimensionless group expressing the ratio of these forces is v,;yg;.,
where V, is tangential velocity (ft/sec), g is 32.2 ft/sec 2 , and r is radius (ft).
For a stable vortex this ratio must be greater than 1; for best results it
should be greater than 4.
Entrainment. The minimum amount of entrainment for a given separator
is determined by the void stability and the geometry of the gas takeoff
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Fm. 8-12. Fuel storage tanks. (a) Mechanically agitated tank (Westinghouse).
(b) Boiling tank. (c) Sparged tank. (d) HRE-2 storage tank-evaporator.

nozzle. It is advantageous to have a high stability number. The nozzle
should be paraboloid facing the stream and have a small takeoff port.
Tests of the HRE-2 separator indicate that entrainment can be limited to
0.1 gpm at liquid and gas throughputs of 400 gpm and 4 gpm, respectively.
Tests of a 5000-gpm separator with 2% gas gave 1 gpm of liquid entrainment, minimum.
Gas-removal efficiency. One hundred percent removal of large gas bubbles
has been achieved in test models. Removal of very small bubbles is considerably less efficient for gas separators of normal length.
Although gas has been removed from slurries in an axial separator, the
design criteria are not known. The primary difficulty lies in the interaction
between small solid particles and bubbles, which may foam. The rates
of bubble rise in slurries have not been measured.
8-3.

SUPPORTING-SYSTEM COMPONENTS

8-3.1 Storage tanks. Solution tank-evaporator. In the HRE-2 the storage tank system has a threefold purpose: (a) it acts' as a storage tank for
fuel solution during shutdowns and after removal from the high-pressure
system during the letdown of gaseous decomposition and fission products,
and after emergency dumping; (b) it acts as a generator of diluent steam
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to lower the radiolytic D 2 and 02 concentration to a nonexplosive mixture
prior to recombination; and (c) it serves as a purge-water generator.
The storage tank-evaporator is designed to furnish the required amount
of steam diluent and purge water and also to agitate and mix the solution
stored in the tank. The HRE-2 evaporator is shown in Fig. 8-12(d).
To keep the fuel solution well mixed, it was desired that the solution be
agitated by recirculation through the tank at a high rate. The recirculation
rate is such that the frictional loss in the vaporizing circuit is equal to the
hydrostatic driving force on the vaporizing fluid. For the HRE-2 evaporator, a ratio of 176 lb of liquid circulating for every pound of steam
generated was obtained [30].
The circulation of liquid through this type of long horizontal tank was
found to set up waves which interfered with vapor withdrawal. This interference was minimized by the use of baffle plates, as shown in Fig. 8-12(d).
Slurry storage tanks.* Three approaches are being pursued in the development of slurry drain and storage tanks for reactor use: mechanically
agitated tanks, agitation by steam-sparging the tank, and agitation by
surface boiling and consequent vapor transport through the tank.
The development of a mechanically agitated tank accepts the problems
involved in obtaining the necessary reactor-grade mechanical components
of motor, seals, drive shaft, bearings, and agitators. These are related to
the circulating-pump problems which have been discussed previously. A
conceptual design of a mechanically agitated tank proposed by Westinghouse [31] is shown in Fig. 8-12(a).
Agitation by addition of steam and agitation by addition of heat are
essentially similar, since both rely upon the turbulence created by vapor
transport to keep solids suspended.
Experimental investigations [32,33] of vapor transport through gasliquid mixtures have shown that the ratio of vapor to liquid volume may
be related to the vapor transport rate in tanks larger than 6 in. in diameter
by the relation:

_ (Iv)

Vp-5 -

i.41s

fs

where VP= superficial vapor velocity in ft/sec, fv = volume fraction of
vapor, and fs = volume fraction of slurry. This equation was found applicable for slurries when VP was greater than 0.1 ft/sec and for water when
VP was greater than 0.6 ft/sec. The slurries were suspended at these vapor
velocities.
Conceptual tank designs based on agitation by vapor transport are
shown in Fig. 8-12 (b) and (c).
*Based on material prepared by C. G. Lawson.
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Fm. 8-13. HRE-2 entrainment separator.

8-3.2 Entrainment separator. In conjunction with the storage tankevaporators, an efficient entrainment separator is required to keep the
purity of the condensate at the highest possible level. The entrainment
separator must be designed to function well during normal operation and
also during the emergency dumping operation of the reactor. From the
results of a literature survey and from experimental work, the separator
in Fig. 8-13 was designed for the HRE-2 [34].
The HRE-2 design incorporates three modes of entrainment removal:
centrifugal separation, corrugated plates, and wire-mesh demister elements.
The centrifugal-flow inlet and corrugated plates precede the wire mesh and
remove the main portion of the liquid and the larger particles of entrained
moisture in the letdown from the gas separator. The wire-mesh demister
has a high efficiency for entrainment removal with a very low pressure
drop, and is used as the final separator stage. The wire mesh also serves
to keep the uranium reaching the recombiner below the maximum desirable
limit of 1 ppm.
8-3.3 Recombiners. For safety as well as economic reasons, it is desirable to recombine, either at high pressure or at low pressure, the D 2 and
02 which are formed by the decomposition of water in the fuel solution.
In the HRE-2, only low-pressure recombination has been used effectively
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Frn. 8-14. HRE-2 recombiner and condenser. The recombiner bed is steam
heated to keep the surface dry at all times.

for external recombination. The two most promising methods of external
recombination are the use of flame and catalytic recombiners.
For catalytic combination of D2 and 02, platinum black has proved to
be the most satisfactory catalyst. It has been supported on alumina pellets
and on stainless-steel wire mesh. The platinum adheres better to the
alumina pellets, but the wire mesh is less liable to mechanical damage.
Design of the catalytic recombiners. The space-velocity method is a very
convenient basis for recombiner design. Space velocity is defined as the
cubic feet of gas-vapor mixture fed (STP) per cubic foot of catalyst bed
per hour. The maximum allowable space velocity for 1003 recombination
is approximately 4.2 x 10 5 hr- 1 at atmospheric pressure. However, the
packed bed should be shaped to ensure against channeling and to get a low
pressure drop. The HRE-2 low-pressure recombiner [35] was designed
by the space-velocity method with a safety factor of ten. To ensure against
channeling and to get as low a pressure drop as possible, an annular cylindrical bed was designed with a 4-in. inside diameter and 9!-in. outside
diameter (Fig. 8-14).
The controlling mechanisms for catalytic reaction rates are outlined by
Hougen and Watson [36]. One of the important steps is the mass transfer
of the reactant gases to the catalytic surface. Most of the homogeneousreactor recombination work at ORNL has been done in the range controlled by mass transfer, at temperatures of 250 to 500°0.
However, experiments conducted at 50 psi indicated [37] mass-transfer
coefficients lower by a factor of three than the expected values based on
established mass-transfer correlations. This is explained on the basis of
poor bed configuration, channeling, and entrance and exit effects. Tests
run at 500 and 1000 psi have shown values about 603 of the theoretical
[38]. Standard mass-transfer calculations, with a suitable safety factor,
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Fm. 8-15. (a) Experimental flame recombiner designed to operate over wide
ranges of gas input. (b) Experimental natural-circulation recombiiier used to
recombine HRE-2 off-gas after shutdown.
are believed to be the most accurate method of designing catalytic recombiners.
Flame recombiners. In a flame recombiner, the Hz (or Dz) and Oz are
actually ignited and burned to form water. The HRE-1 recombiner was
of this type. It consisted of a combustion chamber of 10-in. pipe 3! ft long
jacketed by a 12-in. pipe through which cooling water was circulated.
The combustible mixture of Hz and Oz was introduced through a manyholed nozzle upon which a spark impinged from two spark plugs located
along the periphery of the nozzle. The spark impulse was produced by a
magnet, with an ignition transformer on standby. The cooling water removed 70% of the heat of combustion at the design capacity of 15 scfm
of 2Hz + Oz. The remainder of the heat was removed in the after-condenser. The condensed products of combustion were returned by gravity
to the dump tanks, and the excess Oz and fission-product gases were passed
into the off-gas system to the cold traps and charcoal adsorbers.
At low flow rates the flame burned too close to the nozzle, resulting in
overheating and flashbacks. To prevent flashbacks at low flows, a steamer
pot ahead of the flame recombiner added 2 to 3 scfm of steam to the gas
stream.
In developing flame recombiners to obtain an explosion-proof automatic
load-adjusting unit, the multiple spark-plug model shown schematically
in Fig. 8-15(a) was devised [39]. As the steam-gas mixture traveled up past
the condenser coils, the mixture eventually lost enough steam to become
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combustible. The location at which the mixture became combustible depended on the input concentration of gas.
Natural-circulation recombiner. For some a.pplications it may be desirable
to have a catalytic recombiner which will operate satisfactorily without a
pump or evaporator to circulate diluent to keep the gases below the explosive limit. The natural-circulation recombiner [40] was developed for
such uses (Fig. 8-15b). Electric heaters or steam coils installed below the
catalyst start the circulation of the diluent and keep the catalyst dry. A
cooling coil located in the annular space around the top of the chimney
completes the convective driving circuit.
High-pressure recombination. The use of high-pressure recombination in
homogeneous reactors would eliminate the need for continuous letdown of
the radiolytic gases and continuous feed-pump operation. To investigate
the possibilities of high-pressure recombination, tests [41] were made with
a loop built at ORNL.
Recombination rates were quite satisfactory. However, stress-corrosion
cracking was a significant problem in operating the stainless-steel loop.
Originally, the chloride content of the loop was high (50 ppm) and was
thought to be the cause of the stress corrosion. However, after the chloride
concentration was lowered to less than 1 ppm, stress corrosion still occurred in the superheated region of the loop. It was established that entrained caustic was a contributing factor.
The cracking problem was solved by substitution of lnconel for austenitic
steel; this material would be suitable in a slurry reactor system but not in
a uranyl-sulfate system. One of the ferritic stainless steels might be suitable
for the latter application.
8-3.4 Condenser. A condenser is required in aqueous low-pressure systems (1) to condense the steam produced in the storage tank-evaporator
which is a source of distilled water, (2) to remove the heat of recombination, and (3) to cool the reactor contents during and after an emergency
drain. The surface-area requirements are usually determined on the basis
of item (3).
All-stainless-steel shell-and-tube condensers of conventional design
have been used in this application. The quality of construction from the
standpoint of leaktightness should approach that of the main steam generators. However, since the service conditions in the condenser are relatively mild, its life should be indefinite if it passes acceptance tests. The
condenser used in the HRE-2 is illustrated in Fig. 8-14.
8-3.5 Cold traps.* Cold traps are usually required on fission-product
off-gas lines from homogeneous reactors to conserve D 2 0 and to dry gases
*Based on material from R. C. Robertson, ORNL.
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prior to adsorption in charcoal beds. Exit gas temperatures should be between -10 and -30°F. Typical evaporating refrigerant temperature in
the associated primary refrigeration system should be about -50 to -100°F.
The cold traps may be refrigerated either by a direct-expansion system
or by circulation of a chilled secondary fluid. The secondary type system
offers advantages of the elimination of the expansion valve from the shielded
area, and simpler defrosting procedures when using a warm supply of the
secondary refrigerant. Use of a primary system eliminates the heat exchanger and circulating pump, and the sacrifice in about 10°F temperature
difference needed in the heat exchanger, thus affording slightly better coefficients of performance for the refrigeration system.
The HRE-2 cold traps are double-pipe stainless-steel heat exchangers.
Flow of refrigerant is countercurrent, with the traps pitched to drain the
D20 when defrosting. The insulation is in the form of sealed cans of
Santo-Cel (Si02) fitted around the traps, this material having markedly
better resistance to radiation damage than the more commonly used lowtemperature insulating materials. Cold traps are used in pairs so that
icing and defrosting can be conducted simultaneously.
The major heat load on the HRE-2 cold traps was estimated to be the
internal heat generation due to radioactivity in the off-gases. For the
double-pipe design selected, increasing the heat-transfer surface also increases the mass of metal and the heat generation, so that the size must be
optimized. Over-all heat-transfer coefficients in the HRE-2 cold traps,
using Amsco as the secondary refrigerant, were calculated to be in the range
of 30 to 35 Btu/(hr)(ft 2)(°F). Velocities of the gas stream were kept quite
low; less than 5 fpm. Design velocities of the chilled coolant through the
annulus were from 1 to 2 fps.

8-3.6 Charcoal adsorbers. The oxygen off-gas from a homogeneous reactor contains the krypton and xenon fission products which are let down
with the radiolytic gas. It is desired to discharge the oxygen to atmosphere,
but the permissible rare-gas discharge is limited by health physics considerations. Charcoal adsorbers are used to hold up krypton and xenon
sufficiently to permit their decay to stable or slightly radioactive daughters.
The HRE-2 charcoal beds were designed [ 42] on the basis of adsorption
equilibrium data of krypton and xenon from the literature, with a safety
factor of six to compensate for lack of experimental data on the particular
conditions. An HRE-2 bed to process 250 cc/min of off-gas oxygen contains 13.3 ft 3 of 8- to 14-mesh activated cocoanut charcoal. There are four
such beds immersed in a water-cooled underground concrete tank. In the
HRE-1, 13.9 ft 3 of charcoal were used for a design flow rate of 470 cc/min.
The HRE-1 beds operated successfully.
A more complete treatment of charcoal-adsorber design is given by
Anderson [43].
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Pulsating
Oil Supply-

Fm. 8-16. Sealed diaphragm feed pump with driving pulsator used to pump
fluids from low pressure to the high-pressure system in HRE-2.

8-3.7 Feed pumps.* High-pressure low-capacity pumps are required to
feed solutions, slurries, and water into aqueous homogeneous reactor
systems. In the HRE-2, which operates at 2000 psi, the requirements are
for from 0 to 1.5 gpm of fuel solution, 0.25 gpm of purge water to the
pressurizer, and 0.1 gpm of purge water to the circulating pump.
The types of pumps which could possibly be made to meet these requirements are the piston or plunger pump, the multistage centrifugal pump,
the turbine regenerative pump, and the hydraulically actuated diaphragm
pump. The piston and plunger pumps are handicapped because most
packing materials are subject to radiation damage and because there is no
absolutely leakproof sliding seal. There is no known commercial centrifugal
pump available in this high-head low-capacity range, and the development of such a pump appears difficult. The regenerative turbine pump has
a more suitable head-capacity range, but again there is no existing multistage pump in the range desired. The hydraulically driven diaphragm
pump, as shown in Fig. 8-16, was selected for the HRE-2 because it offers
the following advantages:
(1) The pump head and check valves are of all-welded construction and
are leakproof and maintenance-free for long periods of time.
(2) The only moving parts inside the shield are the diaphragm and the
check valves.
(3) The drive mechanism is outside the shield, where conventional lubricants and maintenance techniques may be used.
(4) The pump output is adjustable by changing the output of the drive
unit.
*Based on material prepared by E. C. Hise.
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(5) In the event of a diaphragm rupture, radioactive fluid is still retained
within the piping system.
Subsequent development work has demonstrated that diaphragm pumps
will operate satisfactorily for one year or more in this service [44-45].
Construction. The HRE-2 duplex feed pump consists of three main
components: the drive unit, the pulsator assembly, and the diaphragm
heads. The drive unit and pulsator assembly are commercial products
built by Scott & Williams, Inc. The drive unit consists of a high-pressure
positive-displacement oil pump and a slide valve which alternately supplies
oil to one pulsator and then the other at 78 strokes/min. While one pulsator
is being supplied with oil from the pump, the other is being vented back to
the oil reservoir tank. During this venting period the elasticity of the
rubber pulsator forces the oil back to the tank and provides the energy for
the suction stroke of the diaphragm head. Reciprocating oil pumps are
used to drive smaller purge pumps on the HRE-2. The oil pulses are
transferred to the diaphragm head by the column of D 2 0 filling the intermediate system (Fig. 8-16).
The diaphragm head consists of a stainless-steel diaphragm 0.031 in.
thick operating between two heavy flanges which have carefully machined
contoured surfaces 10!-in. in diameter and 0.10 in. deep forming the
diaphragm cavity. The pumped fluid enters the pump through a 3/4-in.
pipe, passes up through the screen tube, and oscillates in and out of the
diaphragm cavity through rows of holes in the contoured surface of the
flange. The driving and pumping flanges are identical except that the
driving flange has only the top pipe connection, since the actuating column
of D 2 0 needs only to oscillate. The screen tube is self-cleaning, since the
flow through it is oscillating. The two flanges are clamped rigidly together
by means of heavy girth welds, which become highly stressed because of
shrinkage during fabrication.
The pump is equipped with all-welded, double-ball, gravity-operated
suction and discharge check valves. The 1-in. balls operate in close-fitting
cages (0.010-in. diametral clearance) which maintain the alignment of the
ball and seat and restrict the ball lift to 0.125 in.
Operation. The pump output can be varied from 0 to 2 gpm at 2000 psi
discharge pressure by changing either speed or displacement of the drive.
The pump performance is essentially independent of suction head and
temperature so long as cavitation does not occur.
To obtain proper operation of the pump, the amount of water in the
intermediate system between the rubber pulsator and the diaphragm must
be adjusted to ensure that the diaphragm does not bottom solidly against
either contoured face of the head. This procedure, called "phasing,'' is
accomplished manually by adding or venting water as required through
the phasing system shown in Fig. 8-16. For a specific pressure, there is a
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fairly wide range of phasing in which the pump will operate properly, since
only one-third of the displacement volume in the head is used. At 2000 psi,
however, the compressibility of the drive and intermediate systems amounts
to another third of the displacement volume of the head. This results in
only a relatively narrow range of phasing in which the pump will operate
properly under all conditions of pressure and capacity.
The volume between the check valves is large compared with the volume
of the stroke, so that the pump is subject to gas-binding. An operational
error or a leaking discharge check valve that permits oxygenated solution
to flow back into the pump may inject sufficient gas so that the head will
not resume pumping against a high discharge pressure. A method of venting
the gas must therefore be provided.
Diaphragm development. The first heads used had a cavity 0.125 in.
deep, a 0.019-in.-thick annealed stainless type-:347 diaphragm, and had
no screening. These diaphragms suffered early failure due to irregular
contour machining and dents caused by the trapping of dirt particles
between the contour face and the diaphragm. To reduce the over-all
diaphragm stress level and to reduce or eliminate the localized stress risers,
the contour depth was reduced to 0.010 in., the machining procedure was
changed to produce a smooth, continuous contour, and 40-mesh screens
were installed. These changes increased the average diaphragm life to
about four and a half months. However, some failures occurred in as little
as two months. An intensive program was initiated to develop a head
that would function consistently for one year or more.
The first objective of the program was to reduce or eliminate stress risers
caused by dirt particles. Substitution of 100-mesh screen tubes for the
40-mesh screens reduced denting observed on test diaphragms by an order
of magnitude. A sintered stainless-steel porous tube with 20-micron
openings is being evaluated at the present time in an experimental pump
to reduce the problem further.
A second objective was to investigate possible improvements in contour
in order to minimize diaphragm stress for the desired volumetric displacement. Theoretical and experimental stress analyses showed that the
original contour was nearly optimum, and it was retained [46].
A third objective was to determine the nature of the diaphragm motion
and improve it if necessary. A special spring-loaded magnetic instrument
was built to indicate diaphragm position while operating. Three such
indicators were installed in a standard head and recorded simultaneously
on a fast multichannel instrument. It was observed that the diaphragm
was displaced in a wave motion starting at the top of the head, producing a
sharp bend at the bottom where most failures occurred. It was observed
also that there was considerable flutter in the diaphragm, so that it was
being flexed more frequently than anticipated. By increasing the thickness
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of the diaphragm from 0.019 in. to 0.031 in., symmetrical deflections with
less flutter were obtained. Changes in the drive system which reduced the
noise level were effective in creating smoother diaphragm deflection.
These changes were incorporated into later pumps.
The fourth point of the program involved determining the endurance
limit of annealed 347 stainless steel and other possible diaphragm materials
in fuel solution. A literature review indicated that in a corrosive environment there may be no endurance limit as such, but that the curve of stress
versus number of cycles would continue its downward slope indefinitely.
The literature also suggested that significant gains in endurance limit may
be achieved by cold-working stainless steel, or by using a precipitation
hardening steel such as Allegheny-Ludlum AM-350. Standard reverse
bending sheet specimens of each material were operated at 2000 cycles/
min in environments of air, distilled water, and fuel solution [47]. Surprisingly, it was found that hardened materials suffered a drastic reduction
in endurance limit in fuel solution but not in water, whereas the annealed
347 stainless-steel endurance at 10 7 cycles was 39,000, 36,000, and 34,000
psi, respectively, in air, water, and fuel. None of these media produce
appreciable corrosive attack on any of the materials tested.
Check-valve materials. Stellite balls and seats have been operated in fuel
solutions for more than 10,000 hr with no sign of damage. It was rather
surprising when, during preoperational testing of the HRE-2, four sets
of valves failed in oxygenated distilled water in about 500 hr. Further
testing showed that preconditioning by operation in uranyl sulfate made
Stellite suitable for oxygenated-water use. Armco 17-4 PH stainless steel
was also demonstrated to be an excellent seat material in both water and
uranyl sulfate.
HRE-2 fuel pumps now contain Stellite Star J balls and Stellite No. 3
seats. Check valves are pre-run in fuel solution before being welded to the
pump heads. HRE-2 water pumps contain Stellite Star J balls and 17-4
PH seats.
All the standard metals have failed very quickly in check valves pumping
Th0 2 slurry to high pressure. However, some success has been achieved
with aluminum oxide and other very hard ceramics.
Welding. Considerable difficulty has been experienced in the design of
welds subject to cyclic pressure stresses. Extreme conservatism with regard
to metal thickness is helpful in eliminating fatigue failure of welds. Nozzles
welded to pump heads have heavy sections at the weld .. Full-penetration
welds are used throughout, and butt welds are used if possible. The inside
surfaces of welds are machined smooth when they are accessible.
Slurry diaphragm pumps. Two methods of pumping slurry with the diaphragm pump are being tested. In the first, the check valves are located
several feet below the head and connected thereto by a vertical pipe. By
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sizing the vertical leg so as to maintain low oscillatory velocities, a stable
slurry-water interface forms, permitting the diaphragm head to operate in
relatively pure water while slurry pumps through the check valves. A
venting system is necessary. Such a pump has been operated satisfactorily
at low pressure and will be tested at high pressure.
The second method uses a diaphragm head having a contour in the
driving flange, a recessed cavity in the pumping flange, and an arrangement that permits the diaphragm to operate only from the driving contour
to center. This arrangement precludes the possibility of slurry being trapped
between the diaphragm and contour, leading to undesirable diaphragm
deflection patterns. Such a pump head has been built and will be tested

8-3.8 Valves.* Valves are key components in reactor systems, since they
are the means by which process gas and liquid streams are controlled
[48,49]. In the HRE-2 system, which has no control rods, temperature
and reactivity are controlled by valves that control the concentration of the
fuel solution, and the power is controlled by valves that control the rate
of steam removal from the heat exchangers. "Dump" valves perform an
emergency scram and normal drain function by controlling the flow of
fuel solution to low-pressure storage tanks. Other valves perform pressurecontrol functions, allow noncondensable gases to be bled from the system,
or are used to isolate equipment.
Actuators. The problem of radiation damage to hydraulic fluids, elastomers, or electrical insulations is avoided by utilizing pneumatically
powered metallic bellows for remote actuation of the valves. The actuator
is a simple linear device which can be controlled with standard pneumatic
controllers or regulators. The bellows may also be stacked to multiply the
forces available. In the HRE-2, pneumatic actuators develop up to 54-10 lb
force.
An actuator capable of developing a thrust of about 12,000 lb was cycled
four times per minute at a stroke of 1/2 in. and a pressure of 80 psig for
265,000 cycles before developing a small leak in the stem sealing bellows.
Two and three bellows-spring assemblies from these units have been attached to a common shaft and connected in parallel to a source of air pressure in preliminary tests of an even more powerful actuator.
Handwheel operators, with or without extension handles, have been
used successfully in all-welded valves for mildly radioactive service.
Valve designs used in HRE-2. The valve designs used on the HRE-2 are
all quite similar. Figure 8-17(a) illustrates the "letdown" valve, which is
typical. This valve throttles a mixture of cooled gas and liquid from the
2000-psi high-pressure system to the low-pressure storage tanks. The
flow is introduced under the seat to keep the bellows on the low-pressure
*Based on material furnished by D.S. Toomb.
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Frn. 8-17. (a) HRE-2 letdown valve. (b) HRE-2 low-pressure valve.
side of the throttling orifice and thus under less strain. A seat integral
with the valve body is used to avoid the difficult problem of leakage around
removable seats. Stellite No. 6 and type 17-4 PH stainless steel plugs have
been used, since these very hard materials are corrosion resistant in uranylsulfate solutions below 100°C and resist erosion due to fl.ow impingement.
The primary bellows seal, lk-in. OD by 7 /8-in. ID and 3! in. long, is mechanically formed of three plies of 0.0085-in. type-347 stainless steel stock. The
bellows seal assembly is in two sections, welded together, because the
bellows length needed for the 1/2-in. stroke cannot be manufactured in a
single section at this time. An average bellows life of 50,000 5/8-in. strokes
has been obtained at 500-psi with this assembly. The stem is of hexagonal
stock and fits in a similarly shaped guide to prevent a torque from being
applied to the bellows. The leak-detecting tap between the bellows and the
secondary graphited-asbestos packing seal affords a means of detecting a
bellows leak, while the asbestos gland prevents gross leakage of process
fluid in case of bellows failure.
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The valve, which was supplied by the Fulton Sylphon Division of Robertshaw-Fulton Controls Corporation, is rated for 2500-psi service with the
flow introduced under the seat; however, the downstream pressure is limited
to 500 psi by the bellows seal. The valve has a Cv (flow coefficient) of 0.1.
The reversible-action operator, supplied by The Annin Company, has a
50-in 2 effective area. It is rated for a maximum of 60 psi air operating
pressure. The action illustrated is spring-closed, air-to-open; however,
by a simple interchange of parts, the actuator operation can be reversed.
The actuating bellows is made from type-321 stainless steel and was formed
by the Stainless Steel Products Company. The stem guide bushing is
brass.
The largest valve used in the HRE-2 is the blanket drain valve, which has
a 1-in. port and a G,, of 10. The valve and operator were supplied by FultonSylphon. The operator supplies a maximum force of 5440 lb, and the full
stroke is 3 / 4 in.
The only two process valves in the HRE-2 which operate with full system
pressure on the bellows seal are those which are used to isolate the reactor
from the chemical plant. The bellows used here, supplied by FultonSylphon, are rated at 2000 psi and 300°C.
The low-pressure HRE-2 valves are novel in that ring-joint grooves are
integral with the valve body, as illustrated in Fig. 8-17(b). Long bolts at
the corners of the valve body hold the companion flanges; the valve is
replaceable with the disassembly of only one set of bolts.
The main problems encountered in HRE-2 valves have been valve stem
misalignment and corrosion of valve plugs.
Valve trim materials. In uranyl sulfate service, stainless steel seats are
used with type 17-4 PH stainless steel or Stellite plugs. The latter material
is useful only below 100°C and where only a small amount of oxygenatedwater service is anticipated with a high pressure differential across the
valve.
In slurry service, metallic trims such as those above have been satisfactory for low-pressure valves but unsatisfactory for long life in highpressure service. Ceramic materials appear promising, but little experience
has been obtained to date.
A gold-gasketed valve has been developed for tight shutoff of gases.
The g11sket is placed into a groove machined in the valve plug, which mates
with a tongue machined into the seat. This type of trim has also given excellent results in one hot uranyl-sulfate loop application.
Slurry service valves. In addition to the erosiveness of slurries, other
problems are introduced by their tendency to settle out in the primary
bellows seal or at stem guiding surfaces, thus interfering with valve action.
This may be avoided by purging slurry from the bellows compartment with
distilled water. It is likely that the hydrodynamic design of slurry valves
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FIG. 8--18. Differential thermal expansion valve to control gas flow m the HRE-2.

may be revised to make entry of solids into the bellows compartment
improbable.
Slurry throttling has been accomplished by use of long tubes or capillaries. These have the disadvantage of fixed orifices, in that continuous
flow control is not possible.
Special gas-metering valve. An ORNL-developed* differential thermalexpansion metering valve is used to regulate the flow of oxygen gas to the
HRE-2 high-pressure system [50]. The required flow is very small and is
difficult to control by conventional mechanical positioning methods. The
valve shown in Fig. 8-18 utilizes the difference in thermal coefficient of
expansion of tantalum and stainless steel to effect flow control. The tantall!m plug is used to avoid any possibility of an ignition reaction between
the oxygen gas and the metal, the temperature of which for a flow of 2000
std. cc/min with a 400 psi differential can reach 300°C. The design incorporates all-welded construction and is covered with a waterproof protective
housing. The resistance heating element and thermocouple are duplicated
to ensure continuity of service.

8-3.9 Sampling equipment. Operation of an aqueous homogeneous reactor requires that numerous samples be taken in maintaining control of
the chemical composition of the solutions. Because of the radioactivity
associated with these fluids, standard sampling equipment must be modified, or entirely new apparatus must be devised for taking the samples.
Examples of sampling equipment presented here were designed for use on
the HRE-2 at ORNL.
Samples of liquid and suspended solids will be taken from the high- and
low-pressure systems of the HRE-2. Solution from the high-pressure
system is reduced in temperature and pressure from 300°C and 2000 psi to
approximately 80°C and 1 atm by a cooler and throttling valve before
*U.S. Patent 2,610,300 (1952). [Assigned to the U.S. Atomic Energy Commission by W.W. Walton and R. C. Brewer.]
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Fm. 8--19. (a) HRE-2 sampling facility. Flask holder has just been lowered
through the loading tube. It is then moved under the isolation chamber by the
transfer mechanism. (b) HRE-2 sampler head, shown in the position of transferring
sample to the receptacle.

entering the sample station. There, a sample of 4 to 5 ml is isolated and
removed for analysis [51].
Figure 8~ 19(a) shows the general assembly of the sampling facility.
Virtually all the mechanism is suspended from a shield plug. Personnel
shielding is provided by a 2-ft depth of lead shot and water in the plug.
The loading tube is sealed by a plug valve to maintain a slight vacuum in
the housing. Threaded backup rods extending through the plug are em-
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ployed to make the final connections with reactor piping after the plug
assembly is lowered into its housing. Each sampling facility contains two
isolation chambers: one for isolating samples from the high-pressure system
and the other for obtaining samples from the low-pressure system. Each
chamber in the station is served by a common loading and manipulating
device.
When a sample is being taken, solution from the desired system is allowed to flow through its isolation chamber until a representative sample
is obtained. The isolation chamber is then valved off. An evacuated
sample flask is placed in the holder and lowered through the loading tube
to the transfer mechanism. The assembly is then indexed under the proper
isolation chamber, where the flask holder is raised by an air cylinder until
contact is made between the isolation-chamber nozzle and the inverse cone
of the carrier head (Fig. 8-19b). Further lifting of the flask holder causes
the hypodermic needle to puncture the rubber diaphragm. The sample is
then discharged into the flask by opening the valve on the chamber. When
the sample is in the flask the procedures are reversed, and the flask holder
is removed into a shielded carrier for transport to the analytical laboratory.
Electrical contacts indicate positive positioning of the flask holder under
the isolation chamber and closure of the isolation-chamber nozzle.
A third sampling station for the HRE-2, identical to the fuel and blanket
facilities except for larger passages and a modified isolation chamber, is
employed for sampling a fuel stream in the chemical processing facility.
This stream has the order of 50 times the solids concentration of the other
streams being sampled.

8-3.10 Letdown heat exchanger. The purpose of the letdown heat exchanger is to conserve the sensible and latent heat of the solution-steamgas mixture removed in the gas separator prior to discharging it to the
dump-tank system. It is necessary also to cool the letdown stream to below
100°C before it reaches the letdown valve to minimize corrosion of the
valve trim.
The thermal design of the exchanger is conventional [52]. In the HRE-2
stainless-steel triple-pipe unit, 400,000 Btu/hr are removed from the
letdown stream into the countercurrent fuel feed stream, the pressurizer
purge-water stream, and a cooling-water stream.
The unique feature of the design deals. with the flow geometry of the
letdown stream [53]. To promote efficient flow of the two-phase mixture
through the letdown valve, it is necessary to prevent flow separation of
the two phases. This is done by utilizing the annulus of the exchanger,
with weld-bead spacers every 3 in. to promote turbulence. The velocity
of the letdown stream is not permitted to fall below 5 ft/sec for any pipe
lengths above 1 ft anywhere between the gas separator takeoff and the
letdown valve.
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During the transit from reactor operating temperature to 100°C in the
letdown heat exchanger, fuel solution must go through the temperature
range 175 to 225 °C at which stainless-steel corrosion resistance passes
through a minimum. This suggests that after several years leakage would
occur between the feed and letdown streams. This problem can be circumvented by substitution of titanium for stainless steel.

8-3.11 Freeze plugs. Several reactor installations have employed freeze
plugs on liquid-carrying process lines to assure absolute leaktight shutoff.
Lines up to 4 in. in diameter have been frozen with a simple wrap-around
coil of copper tubing when there was no flow in the pipe other than the
convective currents set up by the freezing process. It is conceivable that
leaktightness in very large lines might be achieved by refrigerating the
passages of valves to freeze a relatively small amount of liquid at the
valve seat. This freezing technique is most helpful in reducing the spread
of contamination during maintenance.
The most efficient freeze-jacket design is one which provides an annular
space around the process pipe and allows direct contact of the refrigerant
with the pipe. This is generally considered undesirable, however, from the
standpoint that if process fluid should leak into the refrigerant, activity
would be carried outside the shielded area. Freeze jackets consisting of
tubing wound around the process pipe perform noticeably better if soldered
or welded to the process pipe; filling the interstitial space with poured
lead also appears to be a worth-while refinement for lines difficult to freeze.
Tubing 5/16-in. in diameter has been used on 1/4- to 1/2-in. standard pipe
sizes; 3/8-in. tubing on 3/4- to l·Hn. pipe sizes, and 1/2-in. tubing on sizes
up to 4 in. Clamp-on, or clamshell, types of freeze jackets were developed
for the HRE-2 for temporarily freezing certain lines.
On the HRE-2, stainless-steel refrigerant tubing is used for permanent
freeze jackets on lines which normally operate at or above 350°F. Copper
tubing, which is oxidized more readily in air, is used for lower temperature
lines. A jacket length of 3 to 4 pipe diameters has been demonstrated to be
optimum.
Freezing times of a few minutes for 1/2-in. and smaller lines and up to
several hours for 3- and 4-in. sizes have been observed when the refrigerant
temperature is in the -20 to -40°F range and with flows through the
jacket of 3 to 5 gpm. Insulation outside the freeze jacket materially aids
in the ability to freeze lines with particularly high heat load, such as those
subjected to gamma heating. If the freeze jacket must be operated submerged, such as for underwater maintenance, it has been found that pro.,.
tecting the jacket from convection water currents by means of aluminumfoil wrapping aids materially in the freezing process.
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8-4. AUXILIARY COMPONENTS

8-4.1 Refrigeration system.* Refrigeration is required in the HRE-2
for operation of freeze plugs and cold traps. The refrigeration system consists of a primary loop, which is not irradiated, and a secondary liquid circulating system which enters the shield.
A two-stage primary mechanical refrigeration system is employed in the
HRE-2. Refrigerants commonly used in such a system are the halogenated
hydrocarbons, provided that the primary refrigerant remains outside the
reactor shield. Breakdown of this series of refrigerants under radiation has
been observed to have the serious effects of forming phosgene gas and insoluble tarry polymers, thus creating conditions corrosive to stainless steel.
Carbon dioxide is probably the best refrigerant for use in an irradiated
direct-expansion system, but it must be used at high pressure.
Choice of a secondary refrigerant to be circulated through radioactive
equipment is difficult in that the fluid must not only meet the obviously
desirable properties of having a low freezing point, suitable viscosity, low
vapor pressure, noncorrosiveness, nontoxicity, and nonflammability, but it
must also be resistant to radiation damage, not contain chloride ions which
might promote stress-corrosion cracking of stainless steels, and not evaporate to insoluble residues. Miscibility with water would be advantageous
if underwater maintenance techniques are employed in that if some refrigerant escapes, there is less impairment of vision and a film is not left on
equipment when the water is drained.
After considering many possible secondary refrigerants, Amsco 125-82,
an odorless mineral spirit resembling kerosene in its physical properties,
was selected for the HRE-2. Its performance to date has been quite satisfactory.
In addition to the primary refrigeration system used to maintain a
central supply of chilled Amsco, it was useful for short-term maintenance
operiitions at the HRE-2 to have also a portable rig, consisting of an insulated tank and circulating pump. Chilling was accomplished by floating
blocks of C02-ice directly in the liquid; secondary refrigerant temperatures of about -75°F were maintained with a circulation rate of about
4 gpm and with an ice consumption rate of 75 to 100 lb/hr.
8-4.2 Oxygen injection equipment. t Oxygen is needed in the highpressure fuel system to maintain chemical stability of the uranyl-sulfate
solution and to reduce corrosion of the stainless steel container. This oxy-

*Based on material furnished by R. C. Robertson.
tMaterial submitted by E. C. Hise.
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gen may be introduced most conveniently into the fuel feed stream, at
either the suction or discharge of the feed pump. As a result of operational
experience, high-pressure injection has been found to be more flexible and
to give better feed-pump performance.
The oxygen system requires a high-pressure gas supply and a metering
device. The first supply used in the HRE-2 was a converter manufactured
by Cambridge Corp. of Lowell, Mass. This has been replaced by highpressure cylinders, which have considerably lower operating costs. Oxygen
compressors may be desirable to recirculate contaminated oxygen and are
being investigated. Metering is accomplished with a thermal valve (described earlier) controlled by a capillary flowmeter.
Oxygen converter. The HRE-2 oxygen generator is designed to convert
liquid oxygen to the gaseous state and deliver it to the fuel and blanket
high-pressure systems at pressures up to 3000 psig. The capacity of the
generator is 0.47 ft 3 , or 30 lb of oxygen, when 90% filled with liquid. This
will permit delivery of approximately 21 lb of oxygen gas at 3000 psig and
70°F. This pressure is automatically maintained over a flow range of from
0.01 to 0.7 lb/hr.
The oxygen generator consists of an insulated high-pressure container,
with an electric heater and automatic pressure and temperature controls.
The high-pressure inner vessel is fabricated of type--304 stainless steel.
Charging of the converter with liquid oxygen is a manual operation. The
labor of charging and the inefficient utilization of oxygen are disadvantages
of this unit.
High-pressure cylinders. The HRE-2 is now using 300-liter high-pressure
cylinders which are commercially charged to 2400 psi and are used down
to 2000 psi. A bank of three cylinders will last for about two days of normal
operation. This system involves no waste of gas, since the cylinders are
recharged from 2000 psi to 2400 psi, with very little operator attention or
hazard.
Oxygen compressors. High-pressure low-capacity laboratory-type oxygen
compressors have recently become commercially available.
Pressure
Products Industries, of Hatboro, Pa., produces a compressor having a
sta~nless-steel diaphragm hydraulically actuated in a contoured chamber
by a reciprocating drive. A single-stage machine capable of compressing
approximately 0.8 scfm of 0 2 from 500 psi to 2500 psi has been purchased
and placed in service in the HRT mockup. Although there have been some
difficulties with the hydraulic plunger packing, it has been generally satisfactory.
A three-stage machine capable of compressing 2 scfm of contaminated
oxygen from atmospheric pressure to 2500 psi is being designed. The
diaphragm heads will be located remotely with respect to the drive, as is
done in diaphragm feed pumps.
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8-5. INSTRUMENT COMPONENTS*
The instrumentation and controls systems for aqueous homogeneous
reactors are similar to those used in modern high-pressure steam power and
chemical plants. However, problems attendant on radiation damage to
insulations, the difficulty of performing maintenance or replacement
operations, the requirement for the absolute leaktightness and the very
high reliability of components necessary for safety and plant operability
have required considerable development of special components.
8-5.1 Signal transmission systems. In a typical control loop the primary and final control elements are in a radioactive area isolated from the
control room by a vapor container and a concrete radiation shield.
Electric. Advantages for electric transmission under these conditions
include the ease of readjusting system zeros and spans from the control
room and the ability to sense motion from weld-sealed transmitters without
the use of flexure seals such as bellows and torque tubes. The speed of
information transmission, the ease of switching signals, and the ability of
the sensing elements to operate over wide temperature ranges may also be
important. Disadvantages of the electrical system include the possible
radiation damage to insulations and the present unavailability of a cheap,
reliable linear-power actuator for control valves.
Pneumatic. Advantages of a pneumatic system include the utilization
of all-metallic radiation-resistant construction for the transmitters and
valve actuators by the use of metallic bellows, bourdon tubes, and convoluted diaphragms. The advantages of the high state of commercial
development, low cost, reliability, miniaturization, and ease of paralleling
of receiving elements are considerable. A disadvantage of the penumatic
system is the tubing transmission line, which affords a path out of the
radiation enclosure for contaminated fluids or vapors in case of a release
of radioactivity coupled with a line break.
HRE-2 system. A combined electric-pneumatic system (described in
Article 7-4.8) is used in HRE-2. In the control room, electric signals from
primary variable sensing elements (temperature, flow, liquid level, pressure,
etc.) are converted by transducers to penumatic signals, and these are used
to actuate miniature pneumatic display instruments and pneumatic valves
in the reactor. The escape of radioactivity through air lines is prevented
by the automatic closure of "block" valves within the vapor-contained
area, on a signal of the release of radiation. Radiation damage to primary
elements is avoided by the use of inorganic electrical insulations such as
glass, ceramics, mica, magnesium oxide, and magnesium silicate. Electric
control actions are derived from the pneumatic signals by pressure switches.
These switches are simple devices in which diaphragm deflection opens or
*Material submitted by D. S. Toomb.
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Waterproof Coil Housing

Magnetic Piston With
Stainless Steel Sheath

Copper Damping Ring
Sheathed in Stainless Steel

Displacer ("Float")

14 in.

Low Level Tap

Fm. 8-20. HRE-2 float-type level indicator (covers a 5-in. range at psi-2000
operating pressure).
closes an electric snap-acting switch. Electric interlock control of the
penumatic signals to final control elements is achieved by the use of
solenoid-actuated pilot valves.

8-5.2 Primary variable sensing elements. Liquid-level tranlirmitters.
Knowledge of liquid levels in reactor systems and loops is critical for maintaining the proper balance of liquid and vapor in pressurizers and storage
tanks. It is desired also to be able to maintain accurate inventories of the
hazardous and valuable fluids which are contained.
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There are a large number of liquid-level sensing devices in use, since no
one device has been developed which satisfies all the criteria of precision,
rapid response, insensitivity to temperature and pressure, and utility of its
signal for control functions. Devices which have been used at ORNL are
described in the following paragraphs.
(1) Displacement or Float Transmitters. The ORNL-developed displacement transmitter, used to control HRE-2 pressurizer level, consists of
a 5-in.-long displacer suspended by two helical springs (Fig. 8-20). An
extension rod above the springs positions a magnetic piston in the center
of a differential transformer. Troublesome vibration of the float is damped
by the action of the field from permanent magnets on a one-turn copper
ring. The only nonwelded closure is the ring-joint flange, which makes the
unit easily replaceable.
The differential transformer is a compact, highly sensitive, linear device
which is commercially available. The most satisfactory instrument system
for the differential transformer is a high-frequency oscillator-amplifier
phase-sensitive demodulator carrier system which provides the necessary
sensitivity and stability and eliminates phase-motion ambiguity associated
with the null voltage.
Float transmitters of this type have also been built with cantilever
springs, with floats up to 47 in. long, and with hydraulic damping vanes
attached to the bottom of the float in lieu of the magnetic damping [54].
They have given excellent service in continuous control applications.
However, the displacement transmitter is quite sensitive to fluid densities,
and the springs exhibit some changes in properties with temperature. The
best spring material tested to date is Isoelastic spring alloy supplied by
John Chatillon and Sons, which may be gold-plated for supplementary
corrosion resistance.
Hollow spherical floats, lighter than water, have also been used at pressures below 600 psi. Magnetrol, Inc., makes a unit in which float position is
transmitted magnetically. Moore Products Company supplies a level
alarm where float position is transmitted mechanically through the allwelded housing by a flexible shaft.
(2) Differential-Pressure Cells. D/P cells have been used successfully
in HRE-1 and in loops as level transmitters. The variable liquid leg is
compared to a reference level maintained by condensation or liquid addition. Since the density of water is temperature-dependent, the temperature
of the primary system and the lines to the D /P cell must be known for
accurate level measurement.
(3) Weigh Systems. For obtaining an accurate inventory of HRE-2
storage tanks, they are weighed with pneumatic weigh cells. This was
found to be the only feasible method of measuring the quantity of liquid
in long, horizontal storage tanks. Piping to the tanks is kept flexible by
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the use of horizontal L and U bends. A pneumatic system is selected primarily because taring can be done remotely with balancing air pressures,
and components are less susceptible to radiation damage. The pneumatic
load cells, which are supplied by the A. H. Emery Corporation, have an
accuracy of 1/10%; however, when used in a system with solid pipe connections to the weighed vessels, an accuracy of 1% of full load results.
(4) Heated Thermocouple Wells. Heated thermocouple wells have been
used for liquid-level alarm or control. The thermocouple junction is
normally held a few degrees above the vapor temperature; as the liquid level
surrounds the probe, the increased heat transmission to the fluid from the
probe lowers the thermocouple signal output [55]. Several wells must be
used for control purposes. This system gives rather sluggish response.
(5) Capacitance Probe. An aluminum oxide capacitance probe, manufactured by Fielden Instrument Division, has been recently received by
ORNL but has not yet been evaluated. This instrument senses the dielectric
constant of the medium it contacts. Its ceramic-to-metal seal is rated at
2000 psi and 636°F. This type of instrument may prove useful in water or
slurry service.

Differential Transformer
Core Motion Sensing Element

0
Core Drive Rod

2

3

Scale In
Inches

4
5

Fm. 8--21. Bourdon-tube pressure transmitter in safety housing. Sensing element, twin Bourdon tubes; range, 0 to 2500 psi; test pressure, 3750 psi; accuracy,
± 1% of range; transmission, electrical; fabricated by the Swartwout Company.
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FIG. 8-22. Capillary fiowmeter, used to meter small gas or liquid streams,
shown with high-pressure seal-welded differential-pressure transmitter.

(6) Fluid Damping Transmitters. The Dynatrol transmitter, manufactured by Automation Products, Inc., is an interesting possibility for
use as a fluid damping transmitter. It contains a vane exposed to the
process system and vibrated through a pressure housing by alternatingcurrent excitation of a solenoid. The degree of damping, which is dependent
on the area of the vane covered with liquid, is measured by a second sensing
coil. No test experience with this transmitter is yet available.
Unusually difficult level-sensing problems are introduced when it is
desired to measure or control the true level of a slurry or a boiling liquid.
Most proven devices are density-sensitive, and the mean density of twophase systems is usually unknown. Of the level transmitter types cited
above, none appears adequate for continuous-range indication. For spot
indication, float, capacitance, and Dynatrol transmitters are prorr{ising.
Pressure and differential-pressure measurement. Bourdon tubes of weldsealed 347 stainless steel are used for pressure transmission in the HRE-2.
Most suitable for reactor use are units contained within secondary pressure
housings, such as the 2500-psi pressure transmitter shown in Fig. 8-21.
Baldwin cells have been widely used for accurate pressure measurement
in loops.
Bellows or diaphragm differential-pressure cells have been used to measure pressure differentials with full-scale sensitivity of 25 in. of water to 125
psi. A typical D /P cell with electric transmitter is shown in Fig. 8-22.
Pressure transmitters are usually tied into the steam or water portions
of aqueous homogeneous systems to reduce the probability of plugging or
other damage. Where it is necessary to connect a D /P cell into a slurry
system, the pipe connection is regularly purged with 10 to 30 cc/min of
water. Large vertical piping connections with the transmitter mounted
above the primary piping have also been used. Diaphragm transmitters
mounted flush with the pipe surface are being developed for slurry applications.
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Flow transmitters. Flow measurements are made in high-pressure lines
by sensing the pressure drop across a calibrated orifice or venturi, or by the
transmitting variable-area type of flowmeter. The latter meter resembles a
Rotameter with float position transmitted electrically. It has the advantage of being an in-line element but is not readily applicable to large
flows.
Another system for metering and controlling small liquid and gas flows
in the HRE-2 is illustrated in Fig. 8-22. The pressure drop across the
metering capillary is measured by the differential-pressure transmitter and
the output signal is calibrated in terms of flow. The "snubbing" capillary
is used to prevent the sudden application of pressure to the inlet side of
the differential-pressure transmitter, which would cause undesirable zero
shift.
A technique widely used in the HRE-2 for metering purge flows is a
"heat balance" flowmeter in which a known amount of heat is added or
extracted from the process stream and the temperature change noted.
Temperature measurement. The most commonly used method of temperature detection in the HRE-2 is the thermocouple measurement of vessel
and pipe wall temperatures; the couples are spot-welded directly to the
wall and then covered with insulation. When faster response is desired,
thermocouples are spring-loaded into thin thermowells. Chromel-Alumel
wire is generally used because its resistance to corrosive attack by moisture
is better than that of iron-constantan alloys.
Thermocouple wire insulated by compressed magnesium oxide powder
and housed in various alloy tubes is available from the Thermo Electric
Company. Another commonly used wire supplied by the Claud S. Gordon
Company is insulated as follows: each strand is coated with phenol formaldehyde varnish and Fiberglas-impregnated with a silicone alkyd copolymer,
and the entire wire is Fiberglas-impregnated with a silicone alkyd copolymer.
Sound transmitters. Waterproof microphones are attached to pumps to
monitor bearing and check-valve noises.

8-5.3 Nuclear instrumentation in the HRE-2. The purpose of the nuclear instrumentation in homogeneous reactors is to provide neutron-level
measurement and the gamma monitoring of auxiliary process lines and
control areas for the detection of radioactive leaks (see Article 7-4.8).
Gamma radiation measurement. Gamma monitors for detecting process
leaks, manufactured by the Victoreen Instrument Company, consist of a
simple one-tube, three-decade logarithmic amplifier sealed within the
chamber head and a remote-contact-making meter and multipoint recorder.
These detectors can be remotely calibrated by exposing a radioactive source
on the actuation of a solenoid-operated shielding shutter. All channels are
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Frn. 8-23. High-level gamma ionization chamber. Effective volume, 120 cm 3 ;
electrode spacing, 1/8 in.; performance, 20 µa, chamber saturated at 100 volts at
radiation level of 3 x 107 r/hr; design temperature, 130°F.

duplicated, and control action is initiated only upon a simultaneous signal
from both channels to minimize false "scrams." However, a signal from
either channel is annunciated. For monitoring control areas for personnel
protection, more stable and accurate vibrating-condenser types of electrometers are used.
The cell air monitors, which provide an alarm in case of a leak of radioactive vapor from the reactor system, are installed in an instrument cubicle.
Cell air is circulated through a 2-in. pipe from the reactor tank, past the
enclosed monitors, and then back to the cell. The blower is sized so that
only 5 sec is required for cell air to reach the radiation monitors.
A high-level gamma ionization chamber, developed at ORNL [56], is
used to measure cell ambient radiation levels up to 10 7 r/hr (Fig. 8-23).
This measurement is needed to evaluate the effectiveness of shielding, to
assay the rate of radiation damage to reactor components, to measure
radiation levels during maintenance operations, and to provide data for
future reactor designs. The chamber is of inexpensive construction and is
discarded upon failure.

8-5.4 Electrical wiring and accessories. Copper-clad compressed magnesium-oxide spaced and insulated electrical cable is very desirable for
service in extremely high-temperature, radioactive, or wet areas because
no organic material subject to cracking and outgassing is used in the insulation. A waterproof disconnect, designed to be broken remotely to permit
the removal of reactor electrical equipment, is used with this type of cable.
The electrical connectors are terminated inside the disconnect with a
multiple-header ceramic-to-metal seal, voids being filled with magnesium-
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oxide powder. The outside guides are tapered to simplify remote maintenance. Long insulators are used on the connecting terminals to minimize
leakage currents ~fter submersion. The cable is available in a varied number of conductors and sizes, from single to seven conductors in a copper
sheath, as wire sizes No. 16 A WG to 4/0 AWG, from the General Cable
Company. The hermetic end seals are available from the Advanced Vacuum
Products Corporation or Permaseal Corporation.
A compression seal designed around an inorganic material, magnesium
silicate, is used to seal wires at conduit terminations. These seals are
supplied by the Conax Company. A similar device but utilizing a glassto-metal seal is manufactured by the Stupakoff Ceramic and Manufacturing Company.
For the windings used on the motion-sensing coils of instruments, 30gage anodized aluminum wire supplied by the Sigmund Cohn Company
has successfully withstood temperatures up to 300°C and radiation exposure of 6 X 10 17 nvt fast neutron and 1 X 108 r gamma without failure.
The only electrical insulation on the wire is that afforded by the oxide
film on the aluminum. This wire must be handled carefully to avoid abrasion and is suitable only for low-voltage use. For lower temperatures, the
Ceroc magnet wire available from the Sprague Electric Company has been
used very successfully.
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CHAPTER 9
LARGE-SCALE HOMOGENEOUS REACTOR STUDIES*
9-1.

INTRODUCTION

9-1.l The status of large-scale technology. A large number of groups
in the national laboratories and in industry have prepared detailed designs
of full-scale homogeneous reactors because of the widespread interest in
these reactors and the generally accepted conclusion that they have longterm potential for central-station power production and other applications.
These designs have, in some cases, been made to compare the economics of
power production in homogeneous reactors with other nuclear plants. In
other cases, the designs have served as the bases for actual construction
proposals. Unfortunately, none of the proposals has yet initiated the construction of a reactor, for it is believed that the gap between the existing
technology of small plants and that necessary for a full-scale plant is too
great to bridge at the present time. Thus the construction of full-scale
plants must await further advances in technology which are expected to
be achieved in the development programs now under way. The extensive
studies of full-scale plants do, however, constitute a body of information
vital to the nuclear industry. It is hoped that the summaries of the largescale homogeneous reactors given in this chapter will serve as a guide to
those contemplating the building of a full-scale nuclear plant.
One of the major problems yet to be solved for a large-scale circulatingfuel reactor is that of remotely repairing and/ or replacing highly radioactive
equipment which fails during operation of the plant.
The various proposed solutions to this problem fall into two categories:
(1) Underwater maintenance, in which all equipment is installed in a
shield which can be filled with water after shutdown of the reactor so that
maintenance operations can be performed from above with special tools
and with visibility provided through the water.
(2) Dry maintenance, in which all operations are done by remote methods using special remotely operable tools and remote viewing methods
such as periscopes and wired television.
In either case, remote opening and closing of flanged joints or remote
cutting and rewelding of piping must be used to remove and replace equipment. A solution of the problem of maintaining flanged joints in a leaktight
condition in large sizes has not been attempted, the largest pipe in use to
*By C. L. Segaser, with contributions by R. H. Chapman, W. R. Gall, J. A.
Lane, and R. C. Robertson, Oak Ridge National Laboratory.
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date being approximately 10 in. in diameter. Remote cutting and rewelding equipment is still in the early stages of development.
The technology of solutions systems is in a more advanced stage of
development than that of slurry systems because of the design and operation of two homogeneous reactor experiments and the associated development work. Some of the problems remaining to be solved for large-scale
solution reactors include the development of large-scale equipment such as
pumps, valves, feed pumps, and heat exchangers; radiation corrosion of
materials used in the reactor core; high-pressure recombination of hydrogen
and oxygen; and reduction of the number of vital components upon which
reactor operation depends. Instruments for measuring temperature in
high radiation fields and control of inventory and level are some of the
major instrumentation problems for which better solutions are needed.
The achievement of a successful aqueous homogeneous thorium breeder
requires a high-pressure thorium-oxide slurry system. Development work
has been under way for several years to determine the characteristics of
such a system and to develop ways of handling slurries. The technology is
not yet advanced to the point where a large-scale breeder reactor of this
type can be built and operated. Slurry problems under study include
methods of production, circulation through pipes and vessels, storage and
resuspension, evaporation, heat removal, flow distribution, particle size
degradation, internal recombination of deuterium and oxygen, general
information on erosion and corrosion effects, and effects of settling on
maintenance operations.
Extrapolation of small-scale technology to large-scale design presents
several problems of uncertain magnitude, especially in the design of equipment for handling slurries of thorium oxide such as are specified for oneor two-region breeder reactors. The problems of maintenance of slurry
systems are essentially the same as for solutions, but are complicated by the
erosive nature of the slurry, its relatively high shear strength, and its tendency to cake or settle in regions of low turbulence.

9-1.2 Summary of design studies. The design studies described in this
chapter were made by the national laboratories of the Atomic Energy
Commission and by various industrial study groups for the purpose of
determining the technological and economic feasibility of aqueous 4omogeneous reactor systems as applied to central station power, research
reactors, and the production of plutonium. In general, the design criteria
used in the studies conform as closely as possible to known technology in
order to minimize the scope of new developments required to ensure the
success of the proposals. In all the studies, the importance of over-all
safety and reliability of the reactor complex and individual reactor components has been emphasized. Also, considerable attention has been
devoted to the maintenance aspects of the designs.
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The large-scale reactor designs described are grouped according to
the following categories:
( 1) One-region solution reactors, typified by the Wolverine Reactor
Study, the Oak Ridge National Laboratory Homogeneous Research
Reactor, and the Aeronutronic* Advanced Engineering Test Reactor.
(2) One-region breeders and converters, such as the Pennsylvania Advanced Reactor reference design by Westinghouse Electric Corporation,
the Homogeneous Plutonium Producer Study by Argonne National
Laboratory, and the Dual Purpose Feasibility Study by Commonwealth
Edison.
(3) Two-region breeders, represented by the Nuclear Power Group studies,
the Babcock & Wilcox Breeder Reactor, and a sequence of conceptual
designs by the Oak Ridge National Laboratory Homogeneous Reactor
Project.
9-2.

GENERAL PLANT LAYOUT AND DESIGN

9-2.1 Relation of plant layout to remote-maintenance methods. In laying out a homogeneous reactor plant, the designers, to achi{lve an optimum
arrangement, must simultanCQusly consider all aspects of the design,
including the requirements for remote maintenance. It is usual to start
with the high-pressure reactor system (the reactor vessel, circulating pump,
steam generator, and surge chamber and pressurizer), since there exists a
natural relationship between these items in elevation. The layout will
depend primarily on whether a one-region reactor or two-region reactor is
involved, since in the latter case special provision for removing the inner
core may be necessary. If it is feasible to construct the reactor vessel and
core tank as an integral all-welded unit, the layout of the system will be
considerably simplified. Otherwise, provisions will have to be built into
the reactor vessel and the reactor system to remove the vessel and/ or the
core tank.
Circulating pumps are vulnerable from the standpoint of long-term reliability, and extreme care must be given to their placement and anchorage
in the system layout. Installations and designs to date place the circulating
pumps in a position following the steam generator and the gas separator
and low in the cell in order to provide as low a temperature and least gasbinding conditions as possible. These pumps, however, will operate at an
overpressure considerably in excess of saturation pressure, and if gas binding
does not prohibit, it may be desirable to place the circulating pumps at a
position more accessible for maintenance.
The placement and design of the steam generators will be dictated to a
major degree by the maintenance philosophy adopted. One general
*Aeronutronic Systems, Inc., a subsidiary of Ford Motor Company.
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philosophy being considered uses many small steam generators in order to
permit easier removal and replacement when necessary. Another philosophy considers the repair of the steam generators in situ, using remotely
manipulated tooling. One difficulty with this scheme will be the problem
of finding leaky tubes.
The steam generators are usually one of the bulkiest items of equipment
installed in the plant and hence will largely determine the size of containment vessel and amount of shielding. Their location should be such that
some heat-removal capacity can be obtained by natural convection circulation in the event of failure of the circulating pump.
In considering the layout of the surge chamber (which is normally also
the pressurizer) connecting piping must be as short as possible and the
diameter of the piping should be large for safe control of the reactor. If
a steam generator is used to provide high-pressure D20 or H20 vapor, it
should be separated from the surge chamber, and preferably placed in a
location separate from the reactor compartment to facilitate maintenance.

9-2.2 Importance of specifications. To ensure that materials such as
type-347 stainless steel and titanium and zirconium alloys meet the qualifications required for homogeneous systems, very rigid specifications covering strength, corrosion-resisting properties, impact resistance, etc. must
be prepared. To ensure leaktight integrity, specifications describing
acceptable weld joints and welding procedures are issued. Such specifications will also describe the welder qualifications required. Since it is imperative that the main process piping system shall be absolutely clean and
purged of any material which may poison the reactor or accelerate corrosion, cleaning procedures are a necessary part of the specifications.
9-2.3 Approach to an optimum piping system. The cost of the piping
system is one of the major items of expense, and its selection and arrangement constitutes one of the major items of design. However, the pipe
diameters are generally determined on a maximum-velocity basis, determined by corrosion rates rather than from economic considerations. The
weight classification (i.e., pipe wall thickness) is selected on the basis of
pressure, temperature, and corrosion rate for the proposed service life
of the reactor system using the appropriate design stresses from the ASME
Code for the particular metal used. Other factors influencing piping layouts
are (a) provision for drainage, (b) provision for expansion, (c) accessibility
and convenience of operation, (d) provision for support, and (e) the thickness of insulation.
Long straight runs of high-temperature, high-pressure piping present
the main problem so far as expansion is concerned. Natural anchorages
should be noted, and at the same time, possible locations should be sought
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for special anchors needed to control expansion in accordance with the
design plan. The efficiency of the piping system layout depends largely
on the ability of the designer to visualize the over-all situation and to
select the best arrangement. The design of a piping system for minimum
holdup may be relegated to secondary importance compared with ease of
maintainability of the systems.
Piping joints. Piping joints for homogeneous reactor systems must be
capable of assembly and disassembly by remote methods and must have
essentially zero leakage. The first requirement implies some type of
mechanical joint such as used on the HRE-1 and HRE-2. The second
specification can only be guaranteed by an all-welded piping system, and
consequently an all-welded piping layout may be necessary for large-scale
homogeneous reactor systems. However, such a system requires a reliable
and easily manipulatable remote cutting and welding machine not yet
developed.
9-2.4 Shielding problems in a large-scale plant. Poor shield design can
lead to excessive cost and reduced accessibility for maintenance. Practical
shield designs are developed through the use of methods in the literature [1]
with particular attention to factors pertaining to the shield layout, such
as the arrangement of the piping and heat-exchanger system, materials selection, radioactivity of the shutdown system, effect of radiation streaming
through openings, and the effect of the geometry of the radiation sources.
A number of proposed designs of large-scale homogeneous reactors use
a compartmentalized type of shield. This consists of a primary shield surrounding the reactor pressure vessel to attenuate the neutron flux and reduce the radioactivity of auxiliary equipment, and a secondary shield surrounding the coolant system. From a shielding standpoint, the most
highly radioactive sources should be located near the center of the compartment, components of lower source strength should be arranged progressively outward, and equipment with little· radioactivity should be
located to serve a dual purpose as shielding material where possible. Highintensity sources containing primary coolant, which are poorly located
from a shielding standpoint, may be partially shadow-shielded. Equipment requiring little or no maintenance and which can provide shielding
should be located around the outside of the secondary shield. Considerable
weight can be saved by contouring the secondary (coolant) shield (i.e.,
varying its thickness over the surface) to give closer conformance with the
specified permissible dose pattern. With respect to sample lines which
penetrate the coolant shield and contain radioactive materials of short
half-lives, the transport time from the primary coolant system to the outside of the shield should be made as long as practical to take advantage of
the decay of the coolant activity.
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9-2.5 Containment. Because of the possibility of release of highly
radioactive fuel solution from a homogeneous reactor, such systems are
now being designed to go within a containment vessel or to use doubly contained piping. The containment vessel must be designed to hold the
pressure resulting from expansion of the fluid and vapor contents of the
equipment. Such pressures may be of the order of 50 psi. Although the
best shape of a containment vessel is either a cylinder or a sphere, such configurations present problems with respect to remote maintenance. To prevent the penetration of the containment vessel by flying fragments which
may be released on failure of equipment, a blast shield can be placed around
the periphery of the containment vessel or relatively close to the equipment.
9-2.6 Steam power cycles for homogeneous reactors.* In common with
other pressurized-water types of reactors, homogeneous reactors are handicapped by the high pressures required to prevent boiling in comparatively
low-temperature aqueous fluids. Temperatures for steam generation in
homogeneous reactor power systems are limited to practical maximums of
500 to 600°F, and there are no significant opportunities for superheating
the steam with reactor heat. Separately fired superheating equipment,
using conventional fuels, may be expedient in some particular circumstances of plant size, load factors, and fuel costs but, in general, superheating by this means is not justified. Use of low-pressure saturated steam
limits the thermal efficiency obtainable in the heat-power cycle to maximum values in the range of 25 to 303.
Homogeneous reactor systems circulate a hot reactor fluid to a steam
generator at essentially constant temperature; the temperature of the fluid
leaving the exchanger is varied with load by changing the temperature difference for heat transfer by controlling the pressure at which the water
boils in the steam generator. Since the steam pressure falls as the turbine
control valves open on increased electrical generator loads, the negative
temperature coefficient for the reactivity causes the reactor power output
to be self-regulating to match the power demand on the plant.
The full-load steam pressure will be in the order of 450 to 600 psia, and
the near no-load pressure in excess of 1000 psia. The steam piping and
turbine casing must be designed for this maximum pressure rather than
the full-load pressure; design pressures of 1500 psia have been used for the
steam systems of the HRE-1 and HRE-2.
Turbines designed for operation on saturated steam will cost more per
kilowatt of installed capacity than turbines designed for superheated steam
(see Chapter 10). The relatively low energy content, high specific volume
steam supplied to the saturated steam turbine throttle requires greater
*By R. C. Robertson.
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mass flow rates and flow areas for a given power output, adding to the cost
of the governor valves and the high-pressure stages. The low-pressure
stages, which are the most expensive, also must have more flow area, which
may require additional compounding, adding greatly to the cost. The
turbine efficiency will be somewhat less in a saturated steam turbine than
in one using superheated steam because of the greater amount of entrained moisture in the steam.
Flow delay tanks in the steam supply mains are considered necessary to
allow time for a stop valve to close in the event radioactivity is detected
in the steam flow from the heat exchangers. Heat losses in this equipment
tend to increase the moisture in the steam, and a separator may be required at the turbine inlet. The pressure loss in typical separators is about
53 of the inlet pressure and the leaving quality about 993. Some method
of moisture removal must be provided during the expansion process, either
internally in each of the low-pressure stages, or externally in one or more
separators located between turbine elements. Studies have indicated that
the optimum location for the first stage external moisture separator is at
103 of the throttle pressure. The presence of more moisture in the expanding steam may require that the turbine be an 1800-rpm rather than a
3600-rpm machine.
As with steam power cycles for other reactor types, an emergency bypass will probably be required to send the steam directly to the turbine
condenser in event of loss of turbine load. The condenser must be designed
to dispose of the full output energy of the reactor plant. The number of
stages of feedwater heating economically justified is probably limited to
three or four, since the temperature range in the cycle is not great.
Treatment of the water fed to the steam generators is a special problem
in that the water should be essentially free of chloride ions to reduce the
opportunity for stress-corrosion cracking in stainless steel parts of the
system, ~he water should be deaerated to control corrosion in the steam
system, it should be demineralized to reduce the radioactivity pickup of
the steam and in the heat exchanger blowdown, and additives may be
necessary to control the pH and to scavenge oxygen formed by radiolytic
decomposition of the water. Decomposition of these additives under radiation poses problems not yet fully investigated.
Control of the water level in the steam generator involves much the
same problems, due to steam bubbles that are experienced in conventional
boilers, with the added complexity that the steam pressure increases as the
load on the plant decreases. Sizing of the ports in the feedwater regulating
valves must take this into consideration, and the boiler feed pumps must
be designed for the no-load, rather than the full-load head requirements.
Although some superheat can be obtained by recombining the decomposition gases, it is doubtful if such a procedure is economical, owing to the
relatively small amount (53) of superheat obtained, and also because of
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Frn. 9-1. Effect of steam conditions on turbogenerator plant efficiency.

the desirability of minimizing gas production within the reactor. Unless
the superheat is more than 100°F, a saturated cycle with moisture separation may be equally as efficient and practical as a cycle using superheated
steam, provided that in either case the moisture in the turbine exhaust is
kept the same. It is also possible to superheat at the expense of throttle
pressure; while superheat normally is considered to increase the thermal
efficiency, this is not true if the inlet steam temperature is independent of
the amount of superheat. Also, the lower pressure associated with throttling
results in increased turbine costs. Superheating by means of a conventional
plant does not appear economical.
In studies of homogeneous reactors, saturated steam cycles are assumed
in which 12% moisture is permitted in the last stages of the turbine.
Thermal efficiencies of such plants are shown in Fig. 9-1 as a function of
the steam temperature at the turbine throttle [2].
9-3.
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9-3.1 Foster-Wheeler Wolverine Design Study. In response to a request by the Atomic Energy Commission for small-scale power demonstration reactors, the Foster Wheeler Company proposed to construct an
aqueous solution reactor for the Wolverine Electric Cooperative in Hersey,
Michigan [3]. This proposal was rejected by the Atomic Energy Commission in October 1957 as a basis for negotiation due to increases in the estimated cost of the plant (from $5.5 million to $14.4 million). The project
was canceled in May 1958 following a review. of the design and estimated
costs. This review indicated that the cost of generating electricity would
be several times as great as that in Wolverine's existing plant.
In December 1957 a group of engineers from the Oak Ridge National
Laboratory and Sargent and Lundy, with the help of Foster-Wheeler, redesigned the reactor on the basis of recent advances in homogeneous reactor technology and re-estimated its costs to be $10.7 million [4]. The
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Fw. 9-2. Plan and sectional elevation of revised Wolverine reactor plant.

following section describes the revised reactor design. Figure 9-2 shows a
plan and elevation sketch of the revised concept.
The fuel solution of highly enriched uranyl sulfate in heavy water is circulated by a canned-motor pump located in the cold leg of the primary
loop and pressurized to prevent boiling and cavitation in the pump. The
steam generated in the heat exchanger is superheated in a gas-fired superheater, and the superheated steam drives conventional turbogenerating
equipment for the production of electricity.
The nuclear reactor plant is designed to permit initial operation at 5 Mw
with a single superheater-turbogenerator unit. By adding a second unit,
the capacity can be increased to 10 Mw. Doubling the electrical capacity
is thus accomplished without making any changes to the reactor other
than adjusting the operating temperatures and uranium concentration.
For 10 MwE operation, 31,000 kw of heat is generated in the reactor
under the following conditions: The hot fuel solution leaves the core at
300°C, is circulated through a heat exchanger, and returns to the reactor
at 260°C. The heat generated in the reactor is transferred to boiling water,
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TABLE

9-1

DESIGN DATA FOR THE REVISED WOLVERINE PRIMARY SYSTEM

(10-MwE

OPERATION)

1. Core

Configuration
Core diameter: inside thermal shields, ft
over-all, ft
Wall thickness, in.
Liquid volume, liters
Power density, kw /liter
Core wall (inner thermal shield)
Average for system
Maximum
Initial fuel concentrations (critical at 300°C), m
u23s

CuS04
H2S04
Steady-state fuel concentrations, m
u23s

Total U
CuS04
H2S04
NiS04

Concentric outlet
5

6
3

2550
4
6
55
0.014
0.02
0.02
0.030
0.034
0.02
0.025
0.017

2. Pump

Fuel flow rate, gpm at 260°C
Head, ft
Approximate pumping power, hp
(assumes 50% over-all efficiency)

2750
65
80

3. Heat exchanger
Shell diameter, in.
Tube diameter, in.
Tube wall thickness, in.
Number
Approximate inside area wetted by fuel solution, ft 2
Steam temperature, °F
Log mean average temperature difference, °F
Over-all heat transfer coefficient, Btu/ (hr) (ft 2)

29
1/2
0.065
1120
4100
480

39
500

4. Pressurizer
Inside diameter, in.
Wall thickness, in.
Length of cylindrical portion

56
3

6 ft 9 in.

476

[CHAP.

LARGE-SCALE HOMOGENEOUS REACTOR STUDIES
TABLE

Volume
Net gas
Normal
Normal

9

9-1 (Continued)

of solution at low level, liters
volume (liquid at low level), liters
operating pressure, psia
operating temperature, °F

Concentric outlet
150
1400
1900
570

5. Piping

Nominal diameter, in.
Wall thickness, in.
Approximate total volume, liters
Maximum velocity, fps
6. Estimated power costs (10-MwE plant)

31-Mw reactor plant ($8,740,000)
Fuel burned
Fuel inventory@ 4%
(9000 kg D 20 + 36.5 kg u2as)
Fuel processing
}\uel preparation
D20 losses
Depreciation@ 15%
Operating costs
Maintenance costs
10-MwE superheater-turbine generator plant
($1,940,000)
Fuel (oil)
Depreciation@ 15%
Operating costs
Maintenance costs
Total power costs

10

1.125
950
17
Mills/kwh

2.83
0.67
2.46
0.62
0.30
18.72
1.43
3.85

0.69
4.17
0.29
0.29
36.32

producing 116,000 lb/hr of steam at 600 psia. For operation at 5 MwE,
the hot fuel solution would leave the reactor core at 276°0 and return at
257°0, producing 58,000 lb/hr of steam at 600 psi.
A pressurizer is connected to the outlet of the heat exchanger to pressurize the system with oxygen to 1900 psia and to provide a location in the
primary system for the removal of fission-product and other noncondensable gases. The layout of the primary system is such as to permit heat
removal by natural circulation in case of pump failure.
A low-pressure system consisting of dump tanks, condenser, and condensate tanks is incorporated to handle fluid discharged from the primary
loop and to furnish heavy water required to purge the canned-motor cir-
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culating pump. Facilities for adjusting fuel concentration and maintaining
a continuous record of fuel inventory are also included.
Design data. Pertinent design information for the reactor systems and
components is summarized in Table 9-1 and described in the following
paragraphs. Unless otherwise noted, all surfaces in contact with fuel solution are fabricated of type--347 stainless steel.
Equipment and system descriptions. Reactor vessel. The single-region,
concentric-inlet and -outlet pressure vessel designed for 2500 psia incorporates two inner concentric thermal shields to reduce gamma heating
effects in the outer pressure vessel. The thermal shields are constructed of
type--347 stainless steel and are 1 in. and 2 in. thick with inside diameters
of 5 ft 0 in., and 5 ft 5 in., respectively. Backflow through the vessel drain
line during normal operation provides some cooling of the outer thermal
shield.
Primary heat exchanger. The steam generator consists of a horizontal
U-shaped shell-and-tube heat exchanger with a separate steam drum.
These are interconnected with downcomers and risers to provide natural
circulation of the boiling secondary water. Fuel solution is circulated on
the tube side of the heat exchanger, and the boiling secondary water is
circulated on the shell side. Feedwater is introduced into the liquid region
of the steam separating drum. All components in contact with secondary
water and steam are to be fabricated from conventional boiler steels.
Fuel circulating pump. A single, constant-speed, water-cooled, cannedmotor type pump is provided to maintain fuel circulation in the primary
loop. The rotating elements are removable through the top of the unit,
and may be removed without disturbing the piping connections to the
stator casing or the pump volute. Regions of high fluid velocity in the
pump, including the impeller, are titanium or titanium-lined. A purge
flow of condensate is fed into the top end of the pump to reduce erosion and
corrosion of bearings, as well as to prolong the life of the motor windings
by reducing the radiation dose to the electrical installation. In the event
of pump failure, the reactor will undergo a routine shutdown and the
fission-product decay heat will be removed by natural circulation through
the steam genera tor.
Pressurizer. A small sidestream of fuel solution is continuously directed
into the pressurizer, where it spills through a distribution header and drips
down through an oxygen gas space to the liquid reservoir in the bottom of
the vessel. The pressurizer liquid return line is connected to the suction side
of the primary-loop circulating pump. Oxygen is added batchwise to the
pressurizer to keep the fuel saturated at all times to prevent precipitation
of uranium. As fission-product gases accumulate in the pressurizer, they
are vented to the off-gas system, also in a batchwise operation.
Fuel makeup pump. Two diaphragm-type high-head pumps (one for
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standby) rated at 3 gpm at a pressure of 1900 psi are provided to add uranium to the fuel solution and to fill' the primary system with fluid on
startup.
Dump tanks. The dump tanks, 48 ft long and 28 in. ID, are designed to
remain subcritical while holding the entire contents of the primary system.
An evaporator section underneath each of the vessels is provided to concentrate the fuel when necessary, and to aid in mixing the contents of the
tank.
Containment. The primary coolant system is enclosed in a 40-ft-diameter
spherical carbon-steel vessel, lined with 2 ft of concrete, interconnected
with a 12-ft-diameter by 50-ft-long stainless-clad vessel housing the dump
tanks. The liner serves the dual functions of missile protection and structural support to withstand the loading of the external concrete. An additional 1/8-in. stainless steel liner is furnished to permit decontamination
of the primary cell. Since these vessels provide a net containment volume
of approximately 31,000 ft 3 , the vaporization and release of the reactor
contents results in a maximum pressure of approximately 105 psi. Accordingly, the primary-cell containment vessel wall thickness is 15/16 in.
and the dump-tank containment vessel wall thickness is 9/16 in. A spray
system is incorporated in the design to quickly reduce the pressure within
the containment vessel by condensing the water vapor present.
A bolted hatch is provided in the top head of the vessel to allow access
and removal of equipment for maintenance. A bolted manway is also
provided to permit entrance into the containment vessel without removing
the larger auxiliary hatch. In the event of a major maintenance program,
however, the top closure would be cut and removed for free access to the
primary cell.
Biological shielding. The plant biological shielding is indicated on the
general arrangement drawing (Fig. 9-2). The shielding for the primary
system, including the reactor core, consists of a 2-ft thickness of ordinary
concrete lining the inside of the primary-cell containment vessel and a
minimum of 7 ft of concrete surrounding the outside of the vessel, cooled
by a series of cooling-water coils located in the 2-ft-thick liner. The top of
the primary vessel is shielded with 6 ft of removable blocks of barytes
aggregate concrete (average density of approximately 220 lb/ft 3 ) located
beneath the removable portion of the containment vessel.
A 2-ft-thick water-cooled heavy aggregate thermal shi.eld is placed
around the reactor vessel to reduce the radiation level to approximately
that of the remainder of the primary system. The primary coolant pump
access pit, located inside the containment vessel, is constructed of 3! ft of
barytes aggregate concrete to permit pump removal after the primary cell
has been filled with water and the system drained and partially decontaminated. During periods of normal operation, the temperature of the
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concrete walls and floor of the pit is maintained at 150°F by cooling-water
coils.
Around each of the analytical and chemical processing cells there will be
a minimum of 4 ft of ordinary concrete with a maintenance gallery between
these facilities for access to, and operation of, the cells. Each of the two
analytical cells will be provided with thick glass windows adequate for
shielding. The dump-tank cell will be shielded by a 5-ft thickness of
concrete.
Remote maintenance. Both dry and underwater removal methods are
proposed for remote maintenance of radioactive components in this system,
following practices similar to those developed for HRE-2. All the equipment cells are provided with stainless-steel liners to permit the cells to be
filled with ordinary water during maintenance operations. For removal of
the large components it is necessary to move the container vessel cover
through the west end of the building to a temporary storage area. After
the primary vessel cover and top shield are removed, the system components are accessible by crane and operations are performed with specially
designed long-handled tools.
9-3.2 Aqueous Homogeneous Research Reactor-feasibility study. A
preliminary investigation of the feasibility of an aqueous homogeneous
research reactor (HRR) for producing a thermal flux of 5 X 10 15 neutrons/(cm2) (sec) was completed by the Oak Ridge National Laboratory in
the spring of 1957 [5]. The design considered is illustrative of a homogeneous reactor capable of producing high neutron fluxes for research and power
for the production of electricity. It consists of a 500-Mw (thermal) singleregion reactor with 83 enriched uranium as the fuel in the form of uranyl
sulfate (10 g of total uranium per kilogram of D 20) with sufficient copper
sulfate added to recombine 1003 of the radiolytic gases produced and
excess sulfuric acid to stabilize the copper sulfate, uranyl sulfate, and
corrosion-product nickel.
The system operates at solution temperatures of 225 to 275°C, and a
total system pressure of 1400 psia. Under these conditions a maximum
thermal neutron flux of 6.5 X 10 15 neutrons/(cm 2)(sec) is achieved in a
10-ft-diameter stainless-steel-lined carbon-steel sphere.
Approximate
power densities are 2 kw/liter at the core wall, 35 kw/liter average, and
110 kw /liter maximum. After correcting for the effect of experiments, a
maximum thermal flux of about 3 X 10 15 neutrons/(cm 2)(sec) and a fast
neutron flux of about 5 X 10 14 neutrons/(cm 2)(sec) are available.
To minimize corrosion of equipment and piping in the external circuit,
all flow velocities are held to values below the critical velocities. Estimated
corrosion r::i-tes are 70 to 80 mpy for the Zircaloy-2 experimental thimbles
and about 10 mpy for the stainless-steel liner of the reactor vessel (based
on a maximum flow velocity of 3 fps).
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9-2

STEAM-GENERATOR SPECIFICATIONS
(ONE UNIT)

Reactor fluids, forced circulation (tube side)
Inlet temperature, °F
Outlet temperature, °F
Flow rate, lb/hr
Pressure, psia
Velocity through tubing, fps
Steam, natural recirculation (shell side)
Generation temperature, °F
Pressure, psia
Generation rate, lb/hr
Heat load, Btu/hr
Heat load, Mw
Steam generator
Number of 3/8-in. 18 BWG tubes
Effective length of tubing, ft
Heat-transfer surface, ft 2
Shell internal diameter, in.
Shell thickness, in.
Tube-sheet thickness, in.
Steam drum
Internal diameter, in.
Length, ft
Wall thickness, in.
Height above generator, ft

527
437
2,730,000
1400
10
417
300
351,600
284,300,000
83.3
3280
25.9
8330
38!

lk
5

36
16

li15

Fission- and corrosion-product solids, produced at a rate of approximately 20 lb/day under normal reactor operating conditions, are concentrated into 750 liters of fuel solution by means of hydroclones with selfcontained underflow pots and removed from the reactor to limit the buildup
of fission and corrosion products. This solution is subsequently treated for
recovery of uranium and D20.
The temperature coefficient of reactivity at 250°C is approximately
-2.5 X 10- 3 ; 0 c and at 20°C is approximately -9 X 10- 4 /°C, which, in
combination with fuel-concentration control, is adequate for operation
without control rods.
Reactor vessel. The 10-ft-ID spherical pressure vessel is designed according
to the ASME Unfired Pressure Vessel Code, with consideration given to
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9-3

KEY DESIGN PARAMETERS

Reactor type
Fuel type
Amount of U 235
Uranium concentration
Total uranium
u2a5

CuS04 to recombine 100% of gas
H2S04 to stabilize uranium and copper
Maximum nickel concentration
Fuel-solution temperature
Minimum (inlet to reactor vessel)
Maximum (outlet of reactor vessel)
Average (system)
Fuel system pressure
Neutron flux (experimental)
Maximum thermal
Maximum fast in 1-in. diameter
cylindrical converter
Power density
Maximum (at reactor center)
Average
Minimum (at thermal shield)
Total heat generated
Reactor-vessel key specifications
Inside diameter
Vessel material
Total volume
Net fluid volume (approximate)
Experimental facilities
Horizontal
Vertical
Maximum inside diameter
Material
Minimum wall thickness
Maximum wall thickness

Single-region, circulating-fuel, homogeneous
U02S04 - D20 + CuS04 + H2S04
45.8 kg
10 g/liter at 250°C
0.8 g/liter at 250°C
0.02 m
0.02 m
0.01 m
225°C
275°C
250°C
1400 psi
3-4

x

1015 n/(cm 2)(sec)

4 x 1014 to 1 x 10 15 n(cm 2)(sec)
110 kw /liter
34 kw/liter
2 kw/liter
500 Mw
10 ft
Carbon steel clad with type-347
stainless steel
14,800 liters
12,000 liters
6
1
6 in.

Zircaloy-2
3/4 in.
1 in.

continued
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9-3 (Continued)

External system
Material
Fluid volume (external system only)
Allowable velocities
225°C
250°C
275°C
Reactor control
Heat dissipation

(CHAP.

Type-347 stainless steel, HRP specifications
34,000 liters
10-15 fps
25-35 fps
30-40 fps
Negative temperature coefficient of
reactivity, changes in concentration
of fuel
Generation of approximately 125 Mw
of electrical power

the special problems introduced by the heating of the shell from radiation
absorption and by the necessity of penetrating the shell for insertion of
experimental thimbles. The proposed vessel is fabricated of a carbon-steel
base material with a type-347 stainless steel cladding on all surfaces
exposed to fuel solution.
The fuel solution enters the vessel through two 24-in. nozzles, sized for a
fluid velocity of 10 to 15 fps, flows upward through the vessel, and exits
through two 18-in. nozzle connectors in the top, sized for a fluid velocity
of 30 to 40 fps. A diffuser screen, serving also as part of the thermal shield,
is placed at the entrance to the reactor vessel.
A stainless steel blast shield is placed around the reactor vessel to contain fragments of the vessel in the event of a brittle failure, and cooling coils
are wrapped around the blast shield to control the pressure-vessel temperature.
Heat exchangers (steam generators). Six heat exchangers of 83.3 Mw
capacity each are required to dissipate the 500 Mw of heat generated in the
reactor. The design of these consists of a lower vaporizing shell connected
to a steam drum at a suitable elevation to promote natural circulation by
means of risers and downcomers welded to the shells. Specifications are
summarized in Table 9-2.
Pressurizer. The pressurizer surge chamber, constructed of 24-in.
schedule-100 pipe provides the necessary 1500 liters of surge volume.
Steam is provided in a small high-pressure steam generator physically
separated from the pressurizer surge chamber. Space limitations and accessibility problems make this separation desirable.
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Fm. 9--3. Homogeneous Research Reactor layout plan view.

System design. Two 17,650-gpm pumps mounted on the outlet pipes of
the heat exchanger circulate the reactor solution around the primary circuit. Saturated steam at 300 psia is generated at a rate of 2.11 X 106 lb/hr
and is used to generate 133,000 kw of gross electrical power at a cycle
efficiency of 26.5%. A net power generation of 125,000 kw will be delivered
at the station bus bars, approximately 6% being required for station
auxiliaries. Feedwater, consisting of D20 from the condensate tank, is
supplied to the steam generator through an economizer by means of a
0.5-gpm feedwater pump. The reactor does not contain a letdown system
for separating and recombining radiolytic gases, since 100% internal recombination will be achieved by means of internal copper catalyst. Key
design parameters are summarized in Table 9-3.
Conceptual layouts of reactor complex. Preliminary conceptual layouts
showing the relation of the items pertaining to the nuclear reactor components are given by Figs. 9-3 and 9-4.
Figure 9-3 is a plan view of the reactor complex, indicating the general
relation of the reactor pressure vessel and its auxiliaries to the heat exchangers and circulating pumps. Shielded cubicles around the reactor
provide a means for handling the experimental thimbles. The outer
diameter of the containment vessel around the cubicles is approximately
60 ft. Approximately 6 ft of high-density concrete is placed around the
reactor area, with an additional 3 ft around the periphery of the containment vessel.
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Fm. 9--4. Homogeneous Research Reactor layout sectional elevation.

A sectional elevation of the reactor complex is shown in Fig. 9--4. The
arrangement of the heat exchangers relative to the reactor vessel is such
that natural circulation through the system will be promoted in the event
of pump failure. Since the centerline of the reactor vessel is located at 30
to 36 in. above the operating-floor level for convenience in experimentation,
the containment vessels for the heat exchangers and circulating pumps
are above ground. The containment vessel for the reactor is a vertical
cylindrical tank. Two separate horizontally mounted containment vessels,
each 60 ft in diameter, house the heat-exchanger equipment. The dump
tanks are directly below the heat-exchanger containment vessels. Means
for limi.ted access to those portions of the dump-tank system which will
require periodic maintenance, such as dump valves, is provided.
Unique design features. Five horizontal in-pile thimbles spaced equally
on the midplane of the reactor opening into cubicles, and one vertical
nozzle, opening from the top of the reactor, are included in the design.
Figure 9-5 shows the location of the thimbles relative to the containment
vessel and cubicles, and the shield arrangement. As shown by Fig. 9-5,
piping to the heat exchangers passes through one of the hot-cell working
areas. Consequently, this area is not usable for experiments, but contains
the pressurizer and other items which must be adjacent to the reactor but
removed far enough from the reactor cell to permit maintenance.
Maintenance concept. Both dry and underwater removal methods have
been investigated for the HRR; however, both schemes present difficult
design problems. Dry-maintenance philosophy, chosen on a somewhat
arbitrary basis, has been followed in the layouts presented herein.
Maintenance of equipment in the reactor compartment is expected to
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Experimental

Facilities Cell

Fro. 9-5. Plan view of Homogeneous Research Reactor, showing pressure vessel
shielding and cells for remote handling of experiments.

be largely confined to the reactor auxiliary equipment and to the experimental thimbles and equipment. The reactor vessel itself is designed for
the life of the system with thickness for the pressure-vessel wall and corrosion liner selected accordingly on the basis of existing corrosion data.
The handling equipment in the reactor containment vessel consists of a
revolving-type crane with a shielded cab for the operator and provision
for remote operation from outside the shielded area using commercial,
remotely operated television cameras. Access from above to any part of
the area is thus possible and all flanges and pipe disconnects are faced
upward to facilitate removal.
A horizontal traveling crane, also with a shielded control cab and remoteoperation control, is provided in each of the containment vessels for
removal of the heat-exchanger equipment. Flanges connecting the circulating pumps and heat exchangers with the main piping are faced horizontally in these installations. All flanges are grouped at one end of the
area and bolts are removed by means of remotely manipulated tools from a
shielded cell. The heat exchangers, mounted on wheeled dollies guided by
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tracks, can be moved horizontally along the track and onto another track
section which can move transversely. From this section, the heat exchanger is moved through a large air-lock type of door at the end of the
containment vessel to the maintenance area. The circulating pumps are
designed so that the pump impeller and motor windings may be removed
vertically without removing the pump casing.
During any part of the maintenance procedure, the system is shut down
and drained and the piping and equipment decontaminated as thoroughly
as possible. Shutoff valves of a size and type suitable for the piping of the
HRR have not been developed.

9-3.3 The Advanced Engineering Test Reactor. A study was completed
in March 1957 by Aeronutronic Systems, Inc., to select a reactor system
for an advanced engineering test reactor (AETR), with seven major loop
facilities providing a thermal-neutron flux > 2 X 10 15 neutrons/ (cm 2 ) (sec)
[6]. To obtain the required flux level while keeping the power density
low, only heavy water-moderated reactors were considered. Comparisons
of two heterogeneous and one homogeneous type, and comparison of single
and multiple reactor installations, led to the conclusion that a single homogeneous reactor provides the greatest flexibility and is the most economical
system for research at high neutron fluxes. A description of the homogeneous AETR reference design by the Aeronutronic group is given below:
Description of reactor. The 500-M w reactor consists of a large core
operating at moderate temperature and pressure and containing a D20
solution of 103 enriched uranyl sulfate (10 g total U/liter). The reactor
design, which was based upon the design and operational experience of
the HRE-1 and HRE-2 and upon a design study for a homogeneous
research reactor by ORNL, features continuous fission-product removal
and fuel addition to maintain the total contained excess reactivity at an
essentially constant level. In the center, or loop region, the unperturbed
thermal-neutron flux is approximately 6 X 10 15 neutrons/(cm 2 )(sec).
The reactor vessel is a spherical, stainless steel container with an internal
diameter of 8 ft and a wall thickness of 3/4 in., contained in a cylindrical
pressure vessel with balanced pressures inside and out. The design is such
that the test loop and coolant circuit tubes emerging through the lid of the
pressure vessel can be disconnected, the packing glands at the bottom of the
pressure vessel removed, and the entire reactor core vessel can be lifted
out of the main container. The thin walls of the core vessel give it a low
gross weight, enabling it to be lifted conveniently.
The cylindrical pressure vessel, 10 ft in diameter, 12! ft high, and 3 in.
thick, is constructed of carbon steel to the specifications of the unfired
pressure vessel code for an internal working pressure of 500 psia.
Operating parameters of the AETR are summarized in Table 9-4.
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9-4

KEY DESIGN PARAMETERS (AETR)

Type
Total heat power
Fuel
Fuel content
Core

Thermal, homogeneous
500Mw
Aqueous solution of U02S0 4 in D20

80 kg uranium, enriched to 10%
6.5-8.5 kg U 235
7500 liters fuel solution
System
375 kg uranium
37.5 kg U 235
37,500 liters fuel solution
Fuel temperature: Inlet
98°C
153°C
Outlet
System pressure
500 psia
Flux (no test loops): Maximum thermal 6 X 1015 n/(cm 2 )(sec)
Power density distribution (with no
loops): Maximum (center)
220 kw /liter
Average
70 kw/liter
Minimum (wall)
4 kw/liter

9-4.
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9-4.1 The Pennsylvania Advanced Reactor 0 233-thorium oxide reference design. The Pennsylvania Power and Light Company and the
Westinghouse Electric Corporation joined forces in November 1954 to
survey various reactor types for power generation. The results of the survey
indicated the potential of the aqueous homogeneous reactor to be exceedingly encouraging and led to the formal establishment of the Pennsylvania
Advanced Reactor Project in August 1955 to study the technical and economic feasibility of a large aqueous homogeneous reactor plant for central
service application having an electrical output of at least 150,000 kw.
Two reactor plant reference designs were completed, and preliminary
equipment layouts and cost estimates of these two plants were prepared
[7 ,8]. In the first design it was proposed to use overhead dry maintenance
with the equipment housed in a vertical cylinder 124 ft in diameter and
175 ft long. By incorporating shutoff valves in the system, any one of the
four main coolant loops could be isolated in case of an equipment failure to
permit the remainder of the plant to continue operation. At a convenient
time, the plant would be shut down and the defective item removed and
replaced with remote equipment such as heavy-duty manipulators, special
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Fm. 9-6. Plan view of Pennsylvania Advanced Reactor Reference Design No.
lA (courtesy of Westinghouse Electric Corp).

jigs and fixtures, and television viewing equipment lowered into the compartment. However, it was concluded that such a scheme would be extremely expensive. Therefore, a new design (Reference Design IA) was
prepared based on the specifications embodied in the following recommendations:
(I) Elimination of stop valves in each loop and abandonment of the idea
of partial plant operation.
(2) Compartmentalization of equipment depending on type and level of
radio!tctivity.
(3) Use of semidirect maintenance techniques wherever possible.
(4) Modification of the vapor container design to permit personnel
access in limited areas during plant operation.
(5) Increased emphasis on design of components to minimize difficulty
of maintenance.
Figures 9-6 and 9-7 show a plan and cross-sectional elevation of Reference Design IA. In this design, a mixed-oxide slurry of a concentration of
about 260 g/kg of D20, corresponding to a solids concentration of approximately 3% by volume, is circulated through the reactor vessel releasing
550,000 kw of thermal power, which in turn yields I50,000 kwE. Leaving
the reactor vessel, the slurry branches into four parallel identical loops.
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Steam To
Turbine

Access
Corridor

Frn. 9-7. Cross section through main loops of proposed Pennsylvania Advanced
Reactor (courtesy of Westinghouse Electric Corp.).

Each loop contains a circulating pump, a gas separator, and a steam generator. The system is pressurized with 2000 psia steam generated in a D 2 0
steam generator connected to a surge chamber mounted in close-coupled
position to the reactor vessel. The major portion of radiolytic gases is
recombined internally; the remainder (""' 103) is left unrecombined in
order to purge the system of xenon and other gaseous fission products.
These gases are removed from the main stream by a pipeline gas separator
to a catalytic-type recombiner. The recombined heavy water is used to
wash the primary-pump bearings and as makeup water to the steam
pressurizer.
A small bleed stream is concentrated in the slurry letdown system and
delivered to a chemical processing plant where the uranium and thorium
are recovered by a thorex solvent extraction process. The chemical plant
is designed for a small throughput and low over-all decontamination factors.
Although the rates of flow to the auxiliary systems are small compared
with the 18,000,000 lb/hr rate of circulation in the primary system, these
auxiliary systems contribute the major part of the complexity of the plant
and a large fraction of its cost.
The reactor plant layout shown in Figs. 9-6 and 9-7 consists essentially
of a horizontal steel cylinder 125 ft in diameter and 132 ft long with 7-ftthick biological shielding walls completely separate from the vapor con-
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Fm. 9-8. Primary circulating pump maintenance, Pennsylvania Advanced
Reactor (courtesy of Westinghouse Electric Corp.).

tainer. The reactor vessel is shielded separately; however, the four primary
coolant loops are contained in one large compartment with no shielding
between the separate loops. Auxiliary equipment is contained in separate
compartments, the equipment being segregated according to the type and
level of radioactivity after shutdown. All four of the primary coolant loops
are designed with polar symmetry to permit any component to be used as a
replacement part in any of the four loops, and any special equipment required to be equally adaptable to all four loops. In addition, like pieces of
equipment have been grouped to permit the use of relatively permanent
maintenance facilities designed into that particular area. Personnel
access corridors are provided to permit limited access to certain areas inside
of the vapor container during full power operation of the reactor.
Dry-maintenance operations are accomplished primarily through the
use of a 100-ton, shielded-cab crane which traverses the length of the reactor
container. Since the cab can be occupied during operation, the crane
serves as a remote tool for handling heavy shield blocks and removing and
replacing equipment. The design is based on an all-welded piping system
and removal of any item requires a remote cutting and welding machine
not yet developed.
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Fm. 9-9. Steam generator for Pennsylvania Advanced Reactor (courtesy of
Westinghouse Electric Corp.).

Because of the vulnerability of the circulating pumps and steam generators, special modifications are provided to perrit these items to be repaired in place. A maintenance facility for repair of the primary circulating
pumps is shown in Fig. 9-8. This consists of two mechanical master-slave
manipulators inserted through the shielding wall adjacent to the pump,
and a mechanical arm which may be placed on two retractable rails cantilevered from the shielding wall. Visibility is obtained by a glass shielding
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Fm. 9-10. Facility for remote maintenance of Pennsylvania Advanced Reactor
steam generator (courtesy of ·westinghouse Electric Corp.).

window located beneath the manipulators. The window is designed to be
an effective shield only during plant shutdown, and will be covered by
iron shutters during plant operation to provide neutron and thermal
shielding. A second shielding wall is located behind the work area to make
up for the thin wall at this point.
The pump is provided with flanged joints with bolts and all other connections at the top for easy accessibility. The low-pressure cooling water
connections are easily disconnected with the manipulators. The highpressure purge line and vent lines, however, must be disconnected through
flanges or by cutting and rewelding. The large flange bolts on the pump
are provided with centrally drilled holes into which electric resistance
heaters can be inserted with the mechanical master-slave manipulator.
The heated bolts are easily loosened with a power-driven wrench held by
the mechanical arm and removed with the master-slave manipulator.
A lifting fixture is then lowered from the overhead crane and attached to
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the pump flange and pump internals, which are then pulled from the pump
volute casing. The pump is reinstalled in reverse order.
The steam generator shown in Fig. 9-9 uses inverted vertical U-tubes
and has an integral steam separator. The unit is 6 ft in diameter and
has an over-all length of about 40 ft. Because of the physical size and cost,
it is not considered practical to use the spare-part replacement philosophy
for this component. Instead, the design of the steam generator and the
over-all plant layout is such that remote maintenance in place is possible
without requiring a prohibitively long shutdown of the plant.
Figure 9-10 illustrates the proposed semiremote method for locating and
repairing a leaky boiler tube.
The facility consists of a manipulator unit mounted on a horizontal
rack which drives the unit through the shielding wall into access holes in
the steam generator head. The manipulator is used to carry and position
a detector for locating a leaky tube and the necessary tools for plugging
and welding the tube. The faulty tube is prepared for welding by a specially designed grinding machine positioned and supported by the manipulator. The grinder will automatically shape the tube for a plug and the
seal weld which will be made with an automatic welder. This equipment
can be moved from one cell to another as needed; thus all four steam
generator tube sheets can be maintained by semiremote methods.

9-4.2 Large-scale aqueous plutonium-power reactors. Studies of the
feasibility and economics of producing plutonium in homogeneous reactors
fueled with slightly enriched uranium as U02S04 in D20 were carried out
by the Oak Ridge National Laboratory [9-11], by the Argonne National
Laboratory [12-13], and by others [14-15]. The studies were all based
on one-region converters constructed of stainless steel utilizing spherical
pressure vessels ranging in size from 15 to 24 ft in diameter. The design
and operating characteristics of typical reactors considered in the studies
are summarized in Table 9-5.
The general conclusion reached was that aqueous homogeneous reactors
are potentially very low-cost plutonium producers; however, considerable
development work remains before large-scale reactors can be constructed.
The major problem is due to the corrosiveness of the relatively concentrated
uranyl sulfate solutions used in such reactors, which requires that all the
equipment in contact with high-temperature fuel be made of titanium, or
carbon-steel lined, or clad with titanium. The development of suitably
strong titanium alloys, bonding methods, or satisfactory steel-titanium
joints has not yet proceeded sufficiently to consider the construction of
full-scale plutonium producers. Alternate approaches, such as the addition
of LgS0 4 to reduce the corrosiveness of stainless steel by the fuel solution
(see Chap. 5), show promise but also require further development.

TABLE

9-5

CHARACTERISTICS OF LARGE-SCALE AQUEOUS PLUTONIUM PRODUCERS

Source of Data

Date
Power, Mw (thermal)
Net electric output, M w
Reactor core diameter, ft
Pressure vessel thickness, in.
Fuel concentration, g U/liter
Initial fuel enrichment, 3 u2as
Fuel inventory, metric tons
D20 inventory, metric tons
Plutonium production rate, g/MwD
Liquid inlet temperature, °C
Liquid exit temperature, °C
System pressure, psi
Steam conditions, °F /psia
Capital cost data ($ millions)
Reactor plant
Turbogenerator plant
Total
Unit costs, $/kwE
*Superheated 100°F

ORNL-855

ORNL-1096

ORNL-CF52-8-7

Oct. 1950
1000
230
24
5.3
115
0.80
22
208
0.97
208
250
1000
480*/200

Dec. 1951
2000
470
15
4.5
250
1.05
30
130
1.05
206
250
1000
380/200

Aug. 1952
1028
228
15
7
250
1.075
35
105
1.09
200
250
1000
385/210

37
15
52
226

50
37
87
185

36
31
67
294

ORNL-1096
Rev. Data
1955
2000
435
15
-

250
1.08
35
150
1.05
200
250
1000
380/200
45
60
105
232

ANL-4891

CEPS-1101

Dec. 1952
1028
211
15
7
250
1.12
33
155
1.12
210
250
1000
370/175

May 1952
1064
211
12

50
47
97
460

-

290
1.2
58
160
1. 0
208
250
1000
382/200
49
39
88
415
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9-4.3 Oak Ridge National Laboratory one-region power reactor studies.
Preliminary designs of intermediate and large-scale one-region reactors
have been carried out at the Oak Ridge National Laboratory for the purpose of establishing the desirability, relative to two-region reactors, of such
plants for producing power [16,17]. A description of the design of a typical
large-scale plant with a capacity of approximately 316 net Mw of electricity
follows.
The uranium-plutonium or thorium-uranium fuel is pumped at 130,000
gpm through a 15- to 20-ft-diameter core, where the temperature is increased from 213 to 250°C. Slurry leaving the core flows through four large
gas separators, where D2 and 0 2 are separated and diluted with helium, 02,
and D20 vapor, and then to eight 160-Mw heat exchangers. The slurry is
cooled in the exchangers and returned to the reactor by eight 16,000 gpm,
canned-motor pumps.
Gas and entrained liquid from the separators pass through four parallel
circuits into high-pressure storage tanks, where the entrained liquid is
removed to be returned to the reactor. The D 2 and 0 2 are recombined on a
platinized alumina catalyst and cooled in 17 M w, tubular heat exchangers
which condense the 76 gpm of excess D 2 0. The cooled gases are recirculated
to the gas separators, and the condensate returns to the fuel through the
rotor cavities of the pumps, the demisters, and the high-pressure storage
tanks.
The slurry fuel is expected to contain 100 to 300 g/liter of uranium as
either oxide or phosphate, and thorium as either oxide or hydroxide suspended in D20. Estimates of gas generation rates have been based on the
use of U03 platelet particles 1 micron thick and approximately 1 to 5
microns on a side. The Go 2 0 value was taken as 1.3 molecules of D20
disintegrated per 100 ev of energy dissipated in the slurry, postulating
that 803 of the fission fragments escape from the oxide particles. It is
possible that much lower G-values will be obtained in representative experiments and that the size of the gas system can thereby be reduced considerably.
A 15-ft-diameter sphere operated at 1000 psi and 250°C requires a
4-!-in.-thick wall to keep the combined pressure and thermal stress
below 15,000 psi. Carbon steel, clad with stainless steel, is specified as the
material of construction for the vessel. The thermal shield may be stainless
steel or stainless-clad carbon steel, depending on which would be the less
costly. The weight of the vessel and thermal shield is 150 tons, while 75
tons of slurry containing 200 g U /liter are required to fill the vessel.
The estimated cost of the 316-Mw plant was $14-19 million for the
reactor portion and $44 million for the power plant section, which corresponds to a unit cost of $185-200/kwE.
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TABLE
OPERATING CoNDITroNs-180

Fuel
Total fuel in system, kg, . u2aa
Th2a2
Fuel burnup, g/day,
u2aa
Th23 2 (consumption)
Fuel removed
grams U 233 /day
kilograms thorium/ day
liters/day
Primary circulating pumps
Number
Capacity, gpm
Differential pressure, psi
Estimated efficiency, %
Horsepower

9

9-6
Mw

ELECTRICAL PLANT

Core system
General
Thermal power, Mw
Fluid
Concentration, g/liter u2aa
Th2a2
Primary system-pressure, psia
Reactor inlet temperature, °C
Reactor outlet temperature, °C
System volume, liters
Maximum fluid velocity, fps
Loop head loss, psig

(CHAP.

Blanket system

360

280

U02S04-D20 sol.

Th02-D20 disp.

1.80
-

1800
258
300
28,760
33.6
58

51.8
-

447

210
-

117

3
11,300
58
60
650

8.00
1000.00
1800
258
300
41,785
28.7
80

334.3
41,785
332
828
498
62.0
62.0

3
9600
80
60
750
(Continued)

9-5.
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9-5.1 Nuclear Power Group aqueous homogeneous reactor. A study of
power stations ranging in size from 94 to 1080 megawatts of net electrical
generating capacity was carried out by the Nuclear Power Group [18].
The plants considered utilized a two-region Th-U 233 reactor. While
several plants of different electrical capacities were studied, emphasis was

9-5]

497

TWO-REGION BREEDERS
TABLE

9-6 (Continued)
Core system

Steam generators
Number of units
Surface sq. ft./unit
Feedwater inlet temperature, °F
Steam temperature, °F
Steam pressure, psia
Thermal capacity/unit, Mw
Gas condenser
Type: Horizontal, straight-tube,
single-pass, shell-and-tube exchangers with internal eliminator
Number of units
Surface area, ft 2
Feedwater inlet temperature, °F
Steam temperature, °F
Steam pressure, psia
Thermal capacity/unit, Mw

3
14,800
405
480
566
119

1
800
405
480
566
3.5

Blanket system

3
12,650
405
480
566
93

1
800
405
480
566
3.5

directed toward a plant having a net electrical capacity of 180 MwE.
Pertinent operating conditions of this plant are listed in Table 9-6.
The reactor consists of a 6-ft-diameter spherical core surrounded by a
2-ft-thick blanket enclosed in an 11 ft 4 in. ID stainless-clad carbon steel
pressure vessel with a wall thickness of approximately 6 in. The pressure
vessel has a bolted head. to permit removal of the concentric-flow core tank
if necessary. The fuel solution enters the core through a 24-in. inner pipe
and exits through an annulus of equivalent area between two concentric
pipes forming the inlet and outlet connections for the core tank. One
mechanical joint is required to attach the zirconium core tank to the
stainless steel outlet pipe. The slurry enters the blanket through a 24-in.
connection in the bottom of the pressure vessel and exits through three
14-in. connections located near the top of the vessel.
Thermal shield. The 4-in.-thick thermal shield to protect the pressure
vessel from excessive radiation is provided in the form of two 2-in.-thick
stainless steel plates. A 2-in. space is maintained between these plates and
between the thermal shield and the pressure vessel. Sufficient flow of the
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slurry is maintained between and around the shield segments to ensure
proper cooling.
Vessel closure. The bolted head closure utilizes two Flexitallic gaskets
(asbestos encased in stainless steel), having a low-pressure leakoff between
gaskets. The internal diameter of the closure is slightly greater than 6 ft,
to allow for the core tank removal. Similar bolted joints are provided in
the inlet and outlet piping connections to the core as well as in the core
tank dump line.
Steam generators. Six steam generator units each consisting of two heat
exchangers connected to a common steam drum are required, three for the
core system and three for the blanket heat removal. By using U-bend
tubes in the exchangers, the need for an expansion joint in the shell or in
the connection to a floating tube sheet is eliminated. This adds reliability
to the unit, since any expansion joint subject to even infrequent work is a
potential and likely source of trouble.
Utilizing the compartmentalized concept in the heat exchangers offers
added reliability, ease of fabrication, and a means by which maintenance
of the units becomes practical. The individual "bottles," consisting of 19
U-tubes attached to their tube sheets in the eccentric pipe reducers by
rolling and welding, can be fabricated and tested as units before installation
in the exchanger. The drilling of the "bottle" tube sheets presents practically no difficulty because they are only 5i in. in diameter. Similarly, the
drilling of the exchanger head for insertion of the 2-in. inlet and outlet
pipes to the "bottles" presents no unusual fabrication problems.
Although the goal is theoretically "leakproof" heat exchangers, provisions are incorporated for maintenance. This has been done in the
compartmentalized concept. Should a leak occur, it is practical to seal off
the "bottle" in which the leak occurs by plugging the 2-in. inlet and outlet
pipe connections, rather than remove an entire heat exchanger.
Primary circulating pumps. The hermetically-sealed-motor, centrifugal
pumps required to recirculate the core and blanket fluids are vertical, with
the main impeller mounted on the lower end of a shaft on which also is
mounted the motor rotor. The motor rotor and bearing chamber are
separated from the impeller and volute by means of a labyrinth seal.
D 2 0 from the high-pressure condensate tank is injected into the bearing
chamber and continuously flushed through the labyrinth, thus minimizing
corrosion on the rotor and bearing parts. Both the radial and thrust
bearings are of the fluid piston type. The drive motors are induction type,
suitable for 3-phase 60-cycle 4160-volt power supply. They have impervious liners in the stator bore for hermetic sealing, and an outer housing
totally enclosing the stator as a second safeguard against loss of system
fluid. The motor stator windings are cooled by a liquid passing through
tubular conductors installed in the stator. All material in contact with the
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core solution and D 2 0 is stainless steel, except for the impeller, labyrinth
inserts, impeller nut, and wear rings, which are titanium.
By unbolting the top flange, the entire pump mechanism can be removed, leaving only the high-pressure pump casing in the pipeline, thus
facilitating maintenance.
Shielding and containment. The reactor plant is housed in a 175-ftdiameter steel sphere. Design pressure is 40 psia, which requires a nominal
plate thickness of 3/4 in. The sphere is buried to a depth of 50 ft, allowing
the reactor vessel to be located below grade for natural ground shielding.
Radioactive components are enclosed by a barytes concrete structure
which serves both as a biological and as a blast shield. The top of this
housing is 35 ft above grade elevation. The side walls are 5 ft thick, and
the top shield is 6 ft thick except for an 8-ft-thick section directly over the
reactor vessel. Compartment walls are provided within the housing to
facilitate flooding of individual component sections. The floor and side
walls of each of the compartments are lined with 1/8-in. stainless steel
plate to permit decontamination. Stepped plugs are provided in the top
shield to permit access to the components. The portion of the shielding
around the reactor vessel, which is below grade, is 4 ft thick. A slight
negative pressure is maintained within the container by continuously discharging a small quantity of air to a stack for dispersal. The quantity of
air removed is regulated to control the ambient temperature in the component compartments.
Cost analysis
This study indicates that a generating station with a net thermal efficiency of 28.13 might be constructed for approximately $240.00/kw and
$200.00/kw at the 180-Mw and 1080-Mw electrical levels, respectively.
These values result in capital expenses of approximately 4.72 and 3.86
mills/kwh.
9-5.2 Single-fluid two-region aqueous homogeneous reactor power
plant. The feasibility of a 150,000-kw (electrical) aqueous homogeneous
nuclear power plant has been investigated by a joint study team of the
Nuclear Power Group and The Babcock & Wilcox Company [19]. In this
concept, the reactor is a single-fluid two-region design in which the fuel
solution circulates through the thoria pellet blanket as the coolant. Components and plant arrangement have been designed to provide maximum
overhead accessibility for maintenance. All components in contact with
reactor fuel at high pressure are themselves enclosed in close-fitting highpressure containment envelopes.
General description and operation of plant. The reactor generates 620-psia
steam at the rate of 2.13 X 106 lb/hr.
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The reactor system is contained in a building 196 ft long, 131 ft wide,
and 50 ft high. The equipment is located in a group of gastight cells measuring 196 ft X 131 ft over-all. These cells are equipped with pressure-tight
concrete lids to facilitate overhead maintenance of the various system
components and minimize the radiation shielding required above the floor
and outside of the building. All components in the reactor plant have been
designed in accordance with this overhead maintenance philosophy.
The basic systems comprising the reactor plant are: (1) A primary system, containing the reactor, the main coolant loops, the boiler heat exchangers, the pressurizer, the surge tank, and the standby cooler; (2) the
letdown system; (3) the fuel handling and storage system; (4) the off-gas
system; and (5) the auxiliary systems containing leak-detection and fuelsampling facilities.
The blanket consists of 14 cylindrical assemblies arranged around the
periphery of the core region. These assemblies contain thorium-oxide
pellet beds which are cooled by fuel flowing from a ring header below the
reactor vessel. The fuel follows a zigzag path through the pellets and
leaves the assemblies through top outlets, flows through the core region,
and out the bottom of the vessel. By this means, the usual core-tank corrosion and replacement problems and slurry handling problems are minimized. By means of devices located at the tops of the tubes extending out
of the reactor the assemblies are periodically rotated to minimize absorption of neutrons by protactinium and equalize the buildup of U 233 in the
thorium. Replacement of the assemblies is possible through a smaller closure than would be required for a two-region reactor with a single core tank.
The reactor vessel is surrounded by a high-pressure containment vessel
which forms part of the containment system described below. Over-all
height of the reactor is 28 ft 6 in. and the outer diameter of the containment
shell is 12 ft Li in.
The boiler heat exchangers are designed so that by removing the head
there is direct access for plugging tubes or for removing entire tube bundles
if necessary. These exchangers are a once-through type designed to evaporate 953 of the feedwater flow at full load. The reactor fuel flows countercurrently through the shell side of the exchangers. Feedwater enters the
baffled heads and passes through the U-tubes where the steam is generated.
The steam-water mixture then leaves the exchangers and flows through a
cyclone separator and scrubber to the turbine. These components, with
their containment, are 34 ft 2-t in. high and 4 ft 3i in. OD.
All piping and components holding high-pressure reactor fuel are contained in a close-fitting pressurized envelope capable of withstanding the
total system pressure. These components and piping are further contained
in pressure-tight concrete cells which are vented through rupture disks to a
low-pressure gas holder, as shown in Fig. 9-11. This holder has a liquid-
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Heat Exchanger

Relief Pipe

Fm. ~11. Schematic illustration of containment system (courtesy of the Nuclear Power Group and the Babcock & Wilcox Co.).

sealed roof which moves up and down in a manner similar to the movement
of a conventional gas holder section. The low-pressure components do not
have a close-fitting high-pressure envelope but are contained in pressuretight cells and are vented to the low-pressure gas holders in a manner sjmilar
to the high-pressure components.
This type of containment permits operation of components for their full
service life, reduces or eliminates missile formation and fuel losses, reduces
primary system working stresses, and allows equipment arrangement
giving maximum access for maintenance.
Table 9-7 summarizes the characteristics of the proposed plant.
Reactor. The general characteristics of the reactor are illustrated by
Fig. 9-12, which shows the annular arrangement of the Zircaloy-2 blanket
assemblies around the core region. The thorium-oxide pellets within these
assemblies are cooled by the reactor fuel solution, which is pumped up
through the packed beds from the supply header. To reduce the pressure
drop across the pebble bed, the solution is introduced through a tapered
perforated pipe the same length as the assemblies, flows into the bed and
by means of baffles is directed back to the center outlet pipe, which is concentric with the inlet.
.
The vessel has ellipsoidal heads, is 9 ft 11 in. ID, and has a cylindrical
shell length of 10 ft 6 in. The upper head contains a 3-ft 3-!-in.-diameter
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9-7

DESIGN DATA FOR THE SINGLE-FLurn Two-REGION REACTOR

Over-all plant performance
Thermal power developed in reactor, Mw
Gross electrical power, Mw
Net electrical power, M w
Station efficiency, 3
General reactor data
Fuel solution
Operating pressure, psia
Fuel inlet temperature, °F
Fuel outlet temperature, °F
Area of stainless steel (in contact with fuel solution), ft 2
Total volume of primary system, ft 3
Area of Zircaloy-2 (in contact with fuel solution), ft 2
Core
Fuel flow rate, lb/hr
Velocity, fps
Volume of core solution, liters
Letdown rate, gpm
Thorex cycle time, days
Hydroclone cycle time, days
Hydroclone underflow removal rate, liters/day
Blanket
Assembly diameter, in.
Fertile material
Thorium loading, kg
Thorium irradiation cycle, days
Thorium processing rate, kg/day
Processing rate of mass-233 elements, g/day

520
158
150
28.5

U02S04-D20
1500
514
572
90,000
2,300
2,240

x

10 6
6.3
67,000
100
115

24. 9

1

583

18
Th02 pellets
17,850
744
23
350

flanged opening to permit removal of the thorium assemblies. The closure
is a double-gasketed bolted cover having a monitoring or buffer seal connection to the annulus between the gaskets to detect leakage of the fuel
solution. The lower pressure vessel head is penetrated by fourteen 7-in.
openings through which fuel flows upward into the blanket assemblies from
the toroidal supply header. This head has a 3-ft-diameter fuel outlet. The
thermal shielding consists of alternate layers of stainless steel and fuel
solution. The total shielding thickness is 8 in. over the cylindrical portion
and 12 in. at the head ends of the reactor pressure vessel.
Boiler heat exchangers. The boiler heat exchanger is a U-tube, vertical,
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Blanket
Assemblies

Core Region

Fuel Solution
Supply
Header

F1tt. 9-12. Single-fluid two-region aqueous reactor (courtesy of the Nuclear
Power Group and the Babcock & Wilcox Co.).

forced-circulation design in which reactor fuel flows on the shell side and
boiling light water on the tube side.
By placing the reactor fuel on the shell side, the tube sheet acts as its own
shield and is subjected to less intense nuclear radiation, minimizing gamma
heating and thermal-stress problems. Such a design permits the use of
thermal shields which would also serve to protect the tube sheet from
thermal shock due to sudden variations of fuel temperatures. In the event
of a failure of tubes or tube sheet connections it is necessary to remove only
the faulty tube bundle and leave the exchanger shell and flanged connections intact. This is accomplished by removing the bolted head and
tube sheet brace and cutting the seal ring weld at the periphery of the
tube sheet. The bundle is then lifted out of the shell by the overhead crane.
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Reactor building. The building which houses the reactor plant will be
airtight and will serve as a containment for radioactive gases which may
be released during maintenance. The building air will be monitored and
filtered and will be vented to the exhaust stack.
Space is provided outside the reactor plant for an off-gas building stack,
gas and vapor holders, gas handling building, hot laboratory and shops,
waste handling building, and chemical processing buildings. The hot shops
and chemical processing building are located as shown to permit mutual
access to a crane bay which extends from the reactor building between the
two buildings. Both "hot" components and blanket assemblies are transported from the reactor building to the far end of the bay by a low, U-frame
traveling crane. At the end of the bay they are transferred to an overhead
crane running perpendicular to the bay, and transported to either of the
two buildings. With this arrangement, hot materials may be transferred
entirely underwater, thereby eliminating the need for bulky shielding and
mobile cooling systems.
Maintenance considerations. A study of the problem of maintenance of
a large-scale homogeneous reactor indicated the following. It appears impossible to accomplish some repair operations remotely in place and under
20 ft of water. Experience to date tends to indicate that the repair of
radioactive equipment may be so difficult that it will be uneconomical to
repair anything except such small components as valves and pumps. The
larger defective components must be removed from the system and a replacement installed. The repairs, if possible, can then be made in a "hot
machine shop" after the system is back in operation.
Removal of components from the cells will require shielding, such as
lead oosks. Further study is necessary to determine the optimum means
of performing this operation.
Extensive use of jigs and fixtures in performing maintenance work will
be necessary for rapid and safe work. All the jigs and fixtures should be
designed and constructed before the plant is put into operation. In many
cases it will be advantageous to use the jigs during initial construction to
be certain that they will function properly.
The estimated annual maintenance cost for a plant of the size considered
is approximately $3,300,000, which includes the capital investment of
maintenance equipment. This amounts to about 4 mills/kwh at 603
capacity factor or ~3 mills/kwh at 803 capacity factor. The 150,000-kw
nuclear power plant described is estimated to cost $375.00/kw or
$56,400,000, excluding $5,000,000 to $10,000,000 for research and development.
9-5.3 Oak Ridge National Laboratory two-region reactor studies. Intermediate-scale homogeneous reactor. In October 1952 design studies were
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Entrance

Frn. 9-13. Artist's concept of Thorium Breeder Reactor Power Station.

started for a two-region multipurpose intermediate-scale homogeneous reactor as an alternate to the single-region reactors previously studied
[20-22]. Several suggested core vessel arrangements for two-region converters were presented. In all designs the core shape approximates a
4-ft-diameter sphere, and a central thimble is incorporated to permit startup
and shutdown with a full core containing the operating concentration of
fuel. The major interest in the design of this type of reactor is the possibility of converting thorium into U 233 in the blanket region of the reactor.
The principal system parameters on which the design of the two-region
intermediate-scale homogeneous reactor is based are presented in Table 9-8.
Large-scale conceptual designs. Design work on the two-region intermediate-scale homogeneous reactor continued through the fall of 1953, with
emphasis being placed on design studies of components and reactor layouts
for an optimum design. In the meantime, conceptual designs of large-scale
two-region reactors described below were carried out as a basis of feasibility
studies.
The first design involved a 1350-Mw (heat) power plant containing three
reactors [17]. Each of these operated at 450 Mw to produce a net of
105 Mw of electricity. The design of this plant, which is reviewed in the
following paragraphs, is representative of the technology as of September 1953.
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TABLE 9-8
DESIGN PARAMETERS OF A Two-REGION
INTERMEDIATE ScA~E HoMoGENEous REACTOR

Power level, M w
Fluid
Concentration, g U/liter
System pressure, psia
System temperature, °C
Vessel diameter, ft
Maximum fluid velocity, fps
Pumping requirements, gpm
Steam pressure, psia
Steam temperature, °F
Steam generated, lb/sec

Core system

Blanket system

48
U02SOrD20 sol
4.8
1000
250
4
22.3
5000
215
388
38.7

Th02-D20 slurry
1000
1000
250
8
12.3
1000
215
388
8.0

9.6

In the proposed arrangement, three large cells are provided for the reactors and associated high-pressure equipment and a fourth is provided
for the dump tanks and low-pressure equipment. Each reactor cell is divided into compartments for the reactor, heat exchanger, pumps, and gascirculating systems. The low-pressure equipment cell contains compartments for dump tanks, feed equipment, heat and fission-product removal,
D 20 recovery, and the limited amount of chemical processing that can be
included in the reactor circulating system. Radiation from the cells is reduced to tolerable levels under operating conditions by concrete shielding.
The individual compartments have sufficient shielding to permit limited
access when equipment is being replaced.
Each reactor consists of a 6-ft-diameter spherical core, operated at a
power of 320 Mw (100 kw/liter), surrounded by a 2-ft-thick blanket which
is operated at a power of 130 Mw (11 kw/liter). Under equilibrium conditions, a solution containing 1.30 g of UZ 33 , U 234 , U 235, U 236 (as uranyl
sulfate dissolved in D20) is circulated through the core at a rate of
30,000 gpm under a pressure of 1000 psia. Fluid enters the core at
213°C and leaves at 250°C. Decomposition of the D 20 moderator by
fission fragments yields 240 cfm of gas containing 28 mole% Dz, 14 mole%
Oz, and 58 mole % D20.
Liquid leaving the core divides into two parallel circuits, each at
15,000 gpm, which lead into centrifugal gas separators. There the explosive mixture of deuterium and oxygen is separated from the liquid and
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diluted below the explosive limit with a recirculated gas stream which contains oxygen, helium, and D 20. The gas-free liquid circulates through heat
exchangers and is returned to the core by canned-motor circulating pumps.
Steam is produced in the exchangers at 215 psig and 388°F.
The gas streams from the separators are joined and flow into a highpressure storage tank accompanied by about 500 gpm of entrained liquid.
After the entrainment is removed in mist separators for return to the
liquid system, the D 2 and 02 are recombined when the gas passes into a
catalyst bed containing platinized alumina pellets. Heat liberated in the
recombiner increases the temperature of the gas from 250 to 464°C. The
hot gases are cooled to 250°C in a gas condenser which has a capacity of
20 Mw and condenses D20 at a rate of about 89 gpm. Some of the D20
is used to wash the mist separators and to purge the pump bearings and
rotor cavity; the remainder is either returned to the system through the
high-pressure storage tank or held in condensate storage tanks during
periods when the concentration of reactor solution is being adjusted. The
gas is recirculated to the gas separators by an oxygen blower.
Similar gas- and liquid-recirculating systems are used to remove heat
from the blanket, which consists of a thorium-oxide slurry in D20 containing 500 to 1000 g Th/liter. The slurry is recirculated by means of a
12,400-gpm canned-motor pump through a gas separator and through a
130-Mw heat exchanger.
The reactor is pressurized with a mixture of helium and oxygen which
is admitted as required. It is expected that most of the fission-product
gases will be retained in the high-pressure gas-circulating systems with
only whatever small, daily letdown is required to adjust the pressures.
Calculations for a similar system indicate that enough Xe 135 will be transferred into the gas stream to reduce the xenon poisoning in the reactor by
a factor of 5 to 10.
The two-region thorium breeder reactor. A later design study was completed in the fall of 1954 by the Reactor Experimental Engineering Division of the Oak Ridge National Laboratory [23] for the purpose of delineating the technical and economic problems which would determine the
ultimate feasibility of an aqueous homogeneous reactor for producing central station power.
The concept of the reactor chosen for study was based essentially on
nuclear considerations and consists of a spherical two-region reactor with
dimensions limited by economic considerations.
Table 9-9 presents the principal reactor characteristics for the preliminary design of a 300-Mw station.
The power plant complex, consisting of the reactor plant, the turbogenerator plant, the chemical processing plant, the cooling system, and
part of the electrical distribution system, is shown in .Fig. 9-13.
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REACTOR CHARACTERISTICS FOR PRELIMINARY
DESIGN OF A

300-Mw

STATION

Electrical capability (each of three reactors), 100 Mw
Gross station efficiency, 27.43
Net station efficiency, 26.03
Operating pressure, 2000 psia

Material of construction
Wall thickness, in.
Thermal shield thickness, in.
Pipe connections
Inside diameter, ft
Blanket thickness, in.
Volume, liters
Operating temperature, °C
Average
Inlet
Outlet
System volume, liters
Fluid composition, g/liter D20*
u2aa
u2a4
u2a5
u2a6
Thorium
Inventory, kg
D20
u2a5 + u2aa
Thorium
Flux at core wall, n/(cm 2)(sec)
Power density at core wall,
kw/liter
Mean power density in reactor,
kw/liter
Power density in external system,
kw/liter
Reactor power, Mw (heat)
Circulation rate, gpm
*At operating conditions.

Core

Blanket

Zircaloy-2

203 stainless-steel
clad carbon steel
5.0
4.0
Straight-through

0.5
Concentric
5
1855

IO!
27
11,600

275
250
300
9740
U02S04-D20-CuS04
1.88
1. 90
0.26
3.00

280
245
315
13,800
UOaTh02-D20
3.00
0.17
0.01
0.00
1000

10,900
26.1

12,000
42.9
14,300
1 x lQ15

1.10 x IQ15
70.0
193
61
313
24,000

7.0
55
72
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The reactor plant consists of a space 80 ft 0 in. wide, 300 ft 0 in. long,
and 45 ft 6 in. above ground level. At one end of the structure is located a
storage pool for items freshly removed from the shield. A gantry crane
services the reactors and its runway extends a distance beyond the shield
for access to the pool and to provide lay-down space for a reactor-shield
tank dome. Three cylindrical shield tanks are provided to contain each
reactor and components.
In the event of a line rupture or equipment failure resulting in gross
leakage of reactor fluids from the reactor system, no radioactive material
will be released. This is accomplished by placing the reactor and components in a cylindrical tank, 66 ft 0 in. diameter X 116 ft 0 in. high,
capable of withstanding 50 psig. Eight feet of concrete are poured around
this tank to a height of 45 ft 6 in. above ground level for biological shielding.
As shown in Fig. 9-13, each of the container buildings has an access
hatch. Items such as circulating pumps, pressurizer heater elements,
evaporators, etc., for which the probability of maintenance is high, are
grouped on one side of the shield and more or less under this hatch for
servicing. No specific procedure for repairing or replacing equipment was
developed; however, consideration was given to both wet and dry maintenance methods.
Homogeneous reactor experiment No. 3. * In 1957, conceptual design studies
of HRE-3, a two-region homogeneous breeder reactor fueled with U 233
and thorium, were initiated at the Oak Ridge National Laboratory [24].
This reactor, operating at 60 Mw of heat to produce approximately 19 Mw
of electrical energy, will be designed to provide operational and technical
data and to demonstrate the technical feasibility of an intermediate-scale
aqueous homogeneous power breeder. The power plant will be a completely
integrated facility incorporating (1) the nuclear reactor complex, (2) the
electrical generating plant, and (3) the nuclear fuel recycle processing
plant. Preliminary design criteria are given in Table 9-10.
As presently conceived, the reactor will be of the two-region type with
a heavy-water uranyl-sulfate solut1on being circulated through the inner
(core) region, where 50 Mw of heat are produced. A thorium-oxide slurry
will be circulated through the outer pressure-retaining (blanket) region,
where 10 Mw of heat are produced at equilibrium conditions. The fuel
solution and slurry will be circulated through separate steam generators by
the use of canned-motor pumps. The fuel heat exchanger will provide
195,700 lb/hr of saturated steam at 450 psia (456°F) at 50-Mw core power,
and the slurry heat exchanger will provide 39,100 lb/hr of saturated steam
at 450 psia (450°F) at 10-Mw blanket power. The blanket and core regions,
operating at 1500 psia and 275°C and 280°C average temperatures, re*By R. H. Chapman.
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TABLE 9-10
HRE-3 DESIGN CRITERIA
Type
Core
Blanket
Core critical concentration at 50 Mw and
equilibrium
Blanket concentration at 10 M w and
equilibrium
Average core temperature, °C
Average blanket temperature, °C
Average core power density for 50 Mw,
kw/liter
Average blanket power density for 10 M w,
kw/liter
Estimated breeding ratio
Saturated steam pressure, psia
Gross electrical power, Mw

Two-region breeder
U02S04 + CuS04 + D2S04 in D20
Th02 + U02 + Mo03 in D20
4.8 g U 233 /kg D20
0.45 g U 235/kg D20
1000 g Th/kg D20
4.02 g U 233 /kg D20
280
275
52.6
1.04
1.05 (minimum)
450
~19

spectively, are interconnected in the vapor region. Inasmuch as oxygen
is consumed by mechanisms of corrosion and must be added continuously,
it is currently favored as the pressurizing medium to provide the overpressure necessary to prevent boiling and bubble formation. Sufficient
homogeneous catalysts will be provided in the solution and slurry to recombine all the radiolytic gases formed in the circulating system during
operation. In this manner it will be unnecessary to operate with continuous
letdown of slurry and/or solution. Purge water for use in the high-pressure
circulating systems will be produced by condensing a portion of the steam
contained in the vapor volume of the pressurizer. Advantage is taken of
the beta and gamma decay energy to maintain the pressurizers at a slightly
higher temperature than the remaining portion of the system.
The electrical generating plant will be essentially of conventional
design. The 20-Mw turbine will operate at 1800 rpm on 450 psia saturated
steam with moisture separation equipment provided. The condensing water
requirements are 31,300 gpm, assuming the water enters at 70°F and leaves
at 80°F. The generating voltage of 13.8 kv is sufficient to permit direct
connection to an existing distribution system.
The fuel reprocessing for HRE-3 will consist of concentrating insoluble
fission and corrosion products in the underflow pots of hydroclone separators, recovery of uranium from the hydroclone underflow by U0 4 precipitation, and recovery of D20 by evaporation. The slurry processing
operation will consist of D20 recovery by evaporation and packaging the
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irradiated Th0 2 for shipment to the existing Oak Ridge National Laboratory Thorex Pilot Plant, where the uranium and thorium will be separated and reclaimed. The thorium will appear from the Thorex process as
a thorium nitrate solution and will be converted to Th0 2 before being
returned to the blanket of the reactor.
The maintenance philosophy of the reactor complex has not yet been
established. However, it can be said that the reactor system will be designed
so that all components and equipment will be capable of being removed
and replaced, but with varying degrees of difficulty. The choice of underwater, dry, or combination thereof, maintenance techniques has not been
made. The major components of HRE-3 are considered to be in the range
of sizes which might be used in.a large-scale Thorium Breeder Power Plant.
Design, development, fabrication, and operational and reliability data are
expected to be gained from HRE-3, in addition to maintenance techniques
for large-scale aqueous homogeneous reactors. A very preliminary cost
study indicates a cost of about $29,000,000 for the reactor complex, the
electrical generating plant, and the fuel reprocessing plant.
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CHAPTER 10

HOMOGENEOUS REACTOR COST STUDIES*
10-1.

INTRODUCTION

10-1.l Relation between cost studies and reactor design factors. The
power cost associated with a reactor station may be subdivided into fixed
charges, operating and maintenance costs, and fuel costs. Fixed charges
include interest on investment, depreciation, and taxes; labor, supervision,
and maintenance are included in the operating and maintenance costs;
fuel costs include both variable and fixed chemical processing costs, t cost
of feed materials, and inventory charges. Because of the uncertainty of
these items, it is impossible to determine absolute costs for nuclear power
until large nuclear plants have been built and operated. However, it is
important that a reasonable effort be made to evaluate the cost in order to
compare several fuel or reactor systems of equal technological development,
to point out areas where substantial improvements are required, and to
provide a basis for determining whether economical power can ever be
produced.
Aqueous homogeneous reactors have certain features, such as high neutron economy and continuous fission-product removal, which make them
appear to be potential economic power producers. However, as with all
water-moderated reactors, to attain steam temperatures corresponding to
thermal efficiencies of 25 to 303, circulating aqueous systems require
operating pressures between 1000 and 2000 psia. Since thermal efficiency
increases relatively slowly with increasing operating pressure, while reactor
costs rise relatively sharply above pressures of about 1500 psi, it is unlikely
that reactors will be operated at pressures above 2000 psia. In addition,
increasing the reactor temperature tends to decrease the breeding ratio,
which adversely affects fuel costs. Nearly all reactor systems considered
have therefore been assumed to operate at pressures between 1500 and
2000 psia.
In order to optimize the design of a homogeneous reactor of a given
power output and pressure, it is necessary to know how both the fixed and
operating costs vary with the dimensions of the reactor core and pressure
vessel. In this regard, one must take into consideration that the maximum
diameter of the pressure vessel will be limited by fabrication problems, and
the minimum diameter of the core vessel will be limited by corrosion
*By P.R. Kasten, Oak Ridge National Laboratory.
tThe fixed costs in a chemical processing plant are those due to plant investment;
variable costs are due to materials, labor, etc.
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problems. For each combination of core- and pressure-vessel diameters
within these limits, there will be a minimum fuel cost resulting from a
balance of inventory costs, processing costs, and fuel-feed costs; these latter
costs are determined by the breeding ratio, which is a function of fuel concentration and processing rate.
Although the fuel-fluid temperature influences power costs, this is normally limited by the properties of the fuel system or by the above-mentioned
pressure limitations, rather than by economic considerations. However,
the·temperature range established on this basis is also close to that which
gives minimum fuel costs. In addition, the power level of the reactor is
usually assumed to be constant, although it is realized that this is a very
important factor influencing the cost of power, since plant investment
charges per unit power constitute a large fraction of the power cost and
change appreciably with power level. The effect of power level on capital
costs is discussed in Section 10-8, and on fuel costs in sections as noted.
The operating and maintenance costs, as well as plant investment costs,
are a function of reactor type and method of maintenance. However, the
exact form of some of the interrelations between design variables is not
known at the present time. For example, the plant investment and maintenance costs are undoubtedly different for a burner-type reactor than for
a breeder-type reactor; a cost difference would also exist between one- and
two-region systems. However, because of the lack of information, most
economic studies do not consider such differences, but assume investment
and maintenance charges to be determined primarily by the reactor power
level. The results of such studies are still significant if they are considered
in the light of the assumptions used; as more cost data are accumulated,
the results can be modified as required.
With respect to the fuel cycle costs, established Atomic Energy Commission prices for thorium, natural uranium, U 233 , and Pu 239 , and the schedule
of charges for uranium of varying enrichments [l] provide a basis for cost
calculations. ChargeS' for various chemical conversion steps and for processing spent fuel in a multipurpose chemical plant have also been announced [2]. Although these charges are applicable to the processing of
aqueous fuels, the possibility of including on-site processing facilities as part
of the homogeneous reactor complex must also be considered, since this
would have an effect on the reactor design.

10-1.2 Parametric cost studies at ORNL. The homogeneous reactor
systems considered include one- and two-region reactors, breeders, converters, and burners. Although no one fuel or type of reactor shows a
marked advantage in power cost over all the others, the superior fuel
utilization of a thorium breeder system suggests that it is potentially the
most economical one for power production. Much effort has been devoted
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to two-region systems primarily because of the relatively high breeding
ratio and low fuel inventory obtainable.
Economic evaluations discussed in this chapter are for the most part
based on a three-reactor station generating a total of 375 Mw of electricity, where the required chemical processing facilities are shared by the
three reactors. The present choice of reactor dimensions for a given power
capability must be based on engineering judgment and the results of fuelcost studies. Based on fuel-cost studies, one-region reactors must be large
(14- to 15-ft diameter) in order to obtain good neutron economy; tworegion systems can have good neutron economy in relatively small sizes
(9- to 10-ft over-all diameter) but require high concentrations (1000 g/liter)
of fertile material in the blanket region. Estimates of near-optimum reactor
sizes for different homogeneous systems are based on fuel-cost studies in
which highly enriched fissionable fuel is valued at $16/g and inventory
charges are 43. In all cases it is assumed that the particular fuel system is
technologically feasible.
In computing the cost of power, the fixed charges on capital investment
of depreciating items are assumed to be 153/yr, including depreciation,
interest, return on investment, insurance, and taxes. Fixed charges on
nondepreciating items are assumed to be 43/yr. Fuel, D20, and fertile
materials are assumed to be nondepreciating materials.
10-2.

BASES FOR CosT CALCULATIONS

10-2.1 Fuel costs. The fuel costs associated with electrical power produced from reactors include those charges which are due to replacement of
conventional fuels with nuclear fuel. The fuel cost is considered to be the
sum of the net cost of nuclear-fuel feed; inventory charges for fertile material, heavy water, and fuel; material losses; variable fuel-processing
charges; and fixed charges for fuel processing. Fuel-cost studies are primarily for the purpose of investigating the economic importance of the
several parameters; of these parameters the most important are core
diameter, blanket thickness, fertile-material concentrations in core and
blanket, fuel concentration in the blanket, and poison fraction in the core.
In studying fuel costs, aqueous homogeneous power reactors are generally
considered to operate at a temperature of 280°C, a pressure 1500 to 2000
psia, an 803 load factor, and a net thermal-to-electrical efficiency of about
253. The thermal power level per reactor is considered to be 450 to 500
Mw. Thorium (as oxide) is valued at $5/lb with no significant charge for
making Th0 2-D20 slurry. Heavy water is valued at $28/lb and highly
enriched fissionable uranium at $16/g. The amount of heavy water required is estimated on the basis of the total reactor-system volume and the
room-temperature density of heavy water. The makeup rate is taken as
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53/yr. The volume of the core circulating system is taken as the volume
of the core plus an external volume of 1 liter for each 20 kw generated in
the core. The blanket external volume (in two-region reactors) is calculated on the basis of 1 liter for each 14 kw generated in the blanket. The
cost of natural uranium is taken as $40/kg U either as U03 or U02S04.
The cost of uranium of various eririchments in U 235 is obtained essentially
from the AEC price schedule or the equations for an ideal gaseous-diffusion
plant [3-5].
Fuel costs are dependent upon the value assigned to plutonium and U 233 .
In a power-only economy the value of these fissionable materials can be
no more or less than their fuel value; in these studies their value was taken
to be the same as that for U 235 , or $16/g. However, if U 233 and/or plutonium are assigned different values, the fuel costs can be significantly
affected. This is shown in the results given for plutonium producers, in
which a plutonium value of $40/g was assumed (this value is consistent
with the ability of homogeneous reactors to produce plutonium containing
less than 23 Pu 240 , and the AEC guaranteed fair price schedule for plutonium extending until June 30, 1963).
The fuel values used in these studies are slightly different from those
announced by the AEC; the main difference is associated with the value
used for plutonium. However, the effect of various plutonium values on
fuel cost is indicated in the section on plutonium producers. The AECannounced prices for nuclear materials are given in Table 10-1.
Since the rate of fuel burnup is small with respect to the inventory of
fuel required for criticality, the investment and inventory charge for fuel
materials can be appreciable. Unless otherwise specified, inventory charges
for uranium, thorium, plutonium, and heavy water are assumed to be 43
of their value per year.
An economic consideration in the design of nuclear power plants is the
chemical processing requirement of the spent nuclear fuel. Aqueous
homogeneous reactor fuels can be processed by either the Purex or the
Thorex process. Both involve solvent extraction and require that the
fuels be separated from the D20 for economical processing. The Purex
process is used for separating plutonium, uranium, and fission-product
poisons, while the Thorex process is used for the separation of thorium,
uranium, and fission products. Since investment costs in chemical processing plants are presently high, a single processing plant for one good-sized
reactor is not economical. Rather, central processing facilities which serve
many reactors are usually assumed to be available. In the fuel-cost studies
given here, however, the chemical processing plant is considered to serve
a single three-reactor station generating about 1440 thermal Mw (total).
For this size processing plant, the fixed charges (based on 153 of investment per year) are estimated to be about $5500/day for either Purex or
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10-1

OFFICIAL PRICE SCHEDULE FOR

NUCLEAR MATERIALS

[1]

(a) Price schedule of U 235 as a function of enrichment
Wt. fraction U 235
(as UFB)

$/kg total U

$/gm U 23 5 content

0.0072
0.010
0.020
0.030
0.10
0.20
0.90

40.50
75.75
220.00
375.50
1,529.00
3,223.00
15,361.00

5.62
8.09
11.00
12.52
15.29
16.31
17.07

(b) Price schedule of Pu as a function of Pu 24 0 content
3 Pu240
2
4
6
>8.6

Pu price, $/gm
41.50
38.00
34.50
30.00

(c) Chemical conversion costs
Conversion
Uranyl nitrate-+ UF6
(U containing 53 or less by weight of U 235)
Uranyl nitrate-+ UF6
(U containing greater than 53 by weight of U 235)
Plutonium nitrate-+ metal buttons
UF 6 (natural U) to oxide
(d) Vallie of U 233 (high purity)

Cost, $/kg

5.60
32.00
1,500.00
zero
$15/g
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Thorex (complete decontamination) [6,11]. This corresponds to a power
cost due to chemical plant investment of 0.76 mill/kwh (based on a 375-Mw
net electrical capacity and an 80% load factor), which will be independent
of the amount of material processed daily.
The variable processing charges arising from labor, materials, and other
factors dependent on the throughput of fuel and fertile material are represented by Eqs. (10-1) and (10-2) for processing thorium-uranium mixtures
and uranium-plutonium mixtures, respectively.
Thorex process

Variable daily processing cost= $3.00

WTh

+ 0.50 wu + 0.35 VD 0.
2

(10-1)

VD 2 o.

(10-2)

Purex process

Variable daily processing cost= $3.50 Wu+ $1.00 WPu + 0.35
In the above equations:
=liters D20 recovered/day,
= g Pu handled separately from U per day,
wu = g U processed per day,
W Th = kg Th processed per day,
Wu= kg U completely decontaminated per day.
VD 2 0

WPu

Thus, for Thorex, the variable processing charge is considered to be
$3.00/kg of thorium processed, plus $0.50/g total uranium processed
(U highly enriched in U 233 + U 235 ), plus $0.35/liter of D 2 0 recovered.
Note that Eqs. (10-1) and (10-2) take into consideration the effect of
throughput of fissionable material as well as fertile material on the variable
processing charges in a chemical plant of fixed size. This information is
necessary in determining the optimum concentrations of fissionable and
fertile material in a reactor of specified dimensions.
The total processing cost in an on-site chemical plant, such as that
described above, will be 0. 76 mills/kwh plus the variable processing charges
and minus the credit for any net fissionable material produced. Thus the
chemical-plant investment costs exert a strong influence on the fuel costs.
These costs are lower if a large multipurpose chemical plant is available to
handle the fuel instead of the on-site plant. Fuel processing charges [2]
have been announced by the United States Atomic Energy Commission
for processing in such a multipurpose plant. These charges amount to
$15,300 per day, and apply to a plant having a daily capacity of 1 ton if
slightly enriched uranium (less than 3% U 235 by weight) is processed, or a
daily capacity of 88 kg if highly enriched uranium is considered. In terms
of cost per gram of U 235 processed, the above processing charges are
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equivalent to $2.15 per gram of U 235 for natural uranium, $0.51 per gram
of U235 for uranium of 33 enrichment, and $0.37 per gram of U 235 for
uranium of 473 enrichment. These values can be compared with those
considered previously, namely: $0.50 per gram of total uranium processed
(the enrichment of the uranium in the highly enriched systems is about
503), and $3.50 per kilogram of natural or slightly enriched uranium
(equivalent to $0.50 per gram of U 235 in natural uranium) plus $1.00 per
gram of plutonium. Thus, in most cases, the AEC total processing charges
amount to less than the variable processing charges considered here. In
case of a central processing plant, however, it would be necessary to include fuel-shipping charges and charges associated with preparing the
processing plant for the specific fuel.
In studying the poisoning effect of fission fragments, three groups of
fission-product poisons are considered. The first group consists of gases;
the second, nongaseous fission fragments having high microscopic cross
sections (greater than ~ 10,000 barns); and the third is composed of nongaseous fission fragments having low microscopic cross sections, and which
transmute to nuclides having the same low cross section. For processing
rates which do not cause excessive variable processing costs, only the third
group of poisons is affected by chemical processing; the first group is removed by means other than Thorex or Purex, while the second group attains squilibrium through neutron capture.
In processing U-Pu systems, a 20-day cooling period takes place before
processing in a Purex plant. Following complete decontamination, the
uranium is permitted to cool 100 more days before being re-enriched in a
diffusion plant. This 120-day holdup and also a 30-day feed supply are
considered in calculating inventory charges. In processing thoria slurries
(core region), the holdup time prior to processing is considered to be 95
days, to permit about 903 of the Pa 233 to decay to U 233 . The processed
material is then held for an additional 110 days to permit the remaining
Pa 23 3 to decay. For thoria slurries in blanket regions, an initial holdup of
55 days is assumed prior to processing, with an additional 150-day holdup
to permit the Pa 233 to decay to U 233 . Thus the protactinium is held up for
205 days, in which time only about 0.53 has not yet decayed. This holdup
time and a 30-day feed supply are considered in calculating material inventories. Protactinium is valued as uranium when outside the reactor,
but no inventory charge is placed against the amount contained in the
reactor system. This procedure is used to take into account that period of
reactor operation between startup and near-equilibrium conditions. Unless
otherwise indicated, the results are based on the assumption that equilibrium exists with respect to the nuclei concentrations. The isotope and
fuel concentrations are established by means of material-balance equations
and the critical equation.
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In nearly all cases, fuel concentrations required for criticality are obtained using the two-group model [7], in which all fissions are assumed to
occur in the thermal group [see Eqs. (2-7) through (2-10)]. Resonance
capture is assumed to occur only in fertile material and only when neutrons
are transferred from the fast to the slow group. For the one-region U-Pu
systems, a six-group model is used in the nuclear calculations to allow for
the resonance absorptions in uranium and plutonium. Unless otherwise
specified, the thermal values for the various etas are 17(U233 ) = 2.25,
17(U235 ) = 2.08, 17(Pu239 ) = 1.93, and 17(Pu 241 ) = 2.23.
10-2.2 Investment, operating, and maintenance costs. The costs considered here involve capital investment, and those associated with maintaining and operating the nuclear power plant. Because of the lack of
knowledge and experience in design, construction, and operation of nuclear
power systems, it is difficult to evaluate these costs, and most estimates
are based on the expectation that nuclear reactor plants will have lifetimes
about as long as those of conventional power plants. A 20-year depreciation
rate is assumed for permanent facilities and a 10-year depreciation rate for
all equipment associated with the reactor proper. Preparing a realistic
estimate of the cost and the required maintenance of a large homogeneous
reactor is particularly difficult, since the equipment must handle large
amounts of radioactive material. Little experience has been obtained in
manufacturing the required equipment, and generally the costs are based
upon estimates by manufacturers. These estimated costs of equipment for
a specific reactor power are scaled according to the reactor power raised
to the 0.6 power to obtain the variation of investment cost with power
level. The annual operating and maintenance charges have been estimated
by roughly applying the corresponding charges (based on percentage of
capital investment) in conventional steam plants; however, these estimates
cannot be considered realistic until considerable experience has been obtained by operating actual reactors. These estimates correspond to 3%
of the total capital investment per year.
10-3. EFFECT OF DESIGN vARIABLES ON THE FUEL COSTS
IN TH02-U03-D20 SYSTEMS [8-10]
10-3.1 Introduction. Fuel costs are given here for spherical two-region
reactors with U 233 0 3-Th0 2-D20 slurry employed in both the core and
blanket regions. Results are also given for the case of no thorium in the
core and also for one-region reactors. In addition, some results are given
for two-region reactors having cylindrical geometry. In the two-region
systems, materials from the core and blanket are assumed to be fed to a
Thorex plant for chemical processing. Thoria can be returned to both
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Fm. 10-1. Schematic fuel-processing flowsheet for a two-region homogeneous
thorium breeder reactor.

regions and fuel is returned to the core as needed to maintain criticality;
the fissionable material produced in excess of that required is considered
to be sold. The fuel product is computed to be a mixture of U 233 , U 235 ,
and other uranium isotopes, as determined by the isotope equations and
the critical equation. The system is assumed to operate under equilibrium
conditions. A schematic flowsheet of the chemical processing cycles for a
two-region reactor having a solution-type core region is given in Fig. 10-1.
The flowsheet for the one-region system would be similar to that for the
blanket of the two-region system, except that processed fuel and thoria
would be returned to the single region.
In the processing cycle shown in Fig. 10-1, essentially two methods of
removing fission-product poisons are considered. One is the removal of
precipitated solids by hydraulic cyclones (hydroclones); by this means
the insoluble fission products are removed from the reactor in a cycle time
of about a day. The second is the removal of essentially all fission products
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by processing tne fluid in a Thorex-processing plant. Processing by hydroclones can be done only with solution fuels; the associated cycle time is so
short that fission products removed by this method can be considered to
be removed from the reactor as soon as they are formed. Thorex processing,
although removing all fission products that pass through Thorex, is much
more costly than hydroclone processing. Because of this, the associated
cycle time is usually several hundreds of days. In what follows, unless
specified otherwise, the term fuel processing applies only to Thorex or
Purex processing.
The essential difference between the processing cycle shown in Fig. 10-1
and that for solid-fuel reactors is associated with the continuous removal
of fission-product gases and of insoluble fission products (in solution reactors). Fuel and fertile material processed by Thorex would undoubtedly
be removed from the reactor on a semibatch basis.
The three groups of fission-product poisons considered previously are
not all affected by Thorex processing; group-1 poisons (the fission-product
gases) are assumed to be physically removed before processing, while
group-2 poisons (nongaseous nuclei having high cross sections) are effectively removed by neutron capture within the reactor system (<Ta of these
nuclei is of the order of 10,000 barns). The macroscopic cross section of
these two groups of poisons is taken as 1.83 of the fission cross section.
Of this, 0.83 is due to nongaseous high-cross-section nuclei, while 13 is
due to the gaseous high-cross-section nuclei. The concentrations of lowcross-section nuclei (third group) are affected by Thorex processing (however, for reactors containing a fuel solution, the nonsoluble group-3 poisons
are assumed to be removed by hydroclone separation). The charge for
hydroclones operating on a orie-d!J-y cycle is taken as 0.03 mill/kwh, based
upon a charge of $75/day per reactor. For these solution reactors it is
assumed that 753 of the group-3 poisons are insoluble and removed by
hydroclones; in these circumstances only 253 of the generated group-3
poisons are removed by the Thorex process. With slurry-core reactors, all
group-3 poisons which are removed are removed by Thorex processing.
The parameter ranges covered in the spherical reactor calculations are
given in Table 10-2. Values used for 11 23 and resonance escape probability
are presently accepted values; however, in a few cases they were varied in
order to estimate how the results are affected by these changes. In the
following sections the influence of specific parameters upon fuel cost is
discussed.

10-3.2 Two-region spherical reactors [8]. (1) Concentration of U 233 in
blanket and core poison fraction. The optimum values of these variables are
found to be largely independent of other parameters; moreover, there is
little change in fuel cost with changes in either blanket TT 233 concentration
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Fm. 10-2. Fuel cost as a function of blanket thickness for various blanket
thorium concentrations. Power per reactor= 480 M w (heat), core diameter= 5 ft,
core thorium = 200 g/liter, core poison fraction= 0.08, blanket U233 = 4.0 g/kg
Th, 7J 23 = 2.25.

or core poison fraction. For all slurry-core systems, the optimum poison
fraction is about 0.08, independent of the other design parameters. The
optimum poison fraction for the solution core is about 0.07. The lowest
fuel cost occurs at a blanket U 233 concentration of about 4.0 g/kg thorium.
TABLE

p ARAMETER

10-2

VALUES USED IN SLURRY REACTOR STUDIES

Two-region
Core diameter, ft
Blanket thickness, ft
Core thorium concentration,
g/liter
Core poison fraction, %
Blanket thorium concentration,
g/liter
Blanket U 233 concentration,
g/kg thorium

r~actors

8-15

One-region reactors

8-20

1~3

0-300
3-20

0-400
4-12

500-2000
1-7

(2) Blanket thickness and blanket thorium concentration. An example of
the effects of these parameters on fuel cost is presented in Fig. 10-2 for a
slurry-core reactor. Here it is noted that the blanket thorium concentration has relatively little effect on the minimum fuel costs. The blanket
thickness giving the lowest fuel cost lies between 2 and 2.5 ft. As is expected, higher thorium loadings are desirable if thin blankets are necessary
on the basis of other considerations. Systems having low concentrations of
thorium in the core require more heavily loaded blankets to minimize fuel
costs. For solution cores, still heavier and thicker blankets are desirable,
particularly if the core diameters are small.
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Frn. 10-3. Fuel cost as function of core diameter and core thorium concentration.
Power per reactor= 480 Mw (heat), blanket thorium= 1000 g/liter, blanket U233
= 4.0 g/kg Th, core poison fraction= 0.08, 7] 23 = 2.25.

(3) Core thorium and core diameter. The effects of these variables upon
fuel costs are shown in Fig. 10-3. These results indicate (on the basis of
fuel cost alone) that the small solution-core reactors (Th02 core concentration equal to zero) have a slight advantage over the slurry reactors.
However, the power density at the core wall is between 160 and 300 kw /liter
for such reactors operating at the given power level of 480 thermal Mw. If
larger cores are required because of power-density limitations, the fuel-cost
advantage moves to the slurry core. The slurry-core systems yield higher
outputs of generated fuel, although all the reactors shown have breeding
ratios greater than unity (see Chapter 2). As illustrated in Fig. 10-3, the
minimum fuel cost is about 1.2 mills/kwh, independent of core diameter.
The fuel cost associated with a core thorium concentration of zero is lower
than that associated with a core thorium concentration of 50 g/liter; this
is due to the ability to use hydroclones to remove fission products only
when a fuel solution is used. The hydroclone installation adds only
0.03 mill/kwh investment cost to the system, while the variable Thorex
processing cost is reduced by two-thirds; this results in the decrease in fuel
costs as shown. The relative flatness of the optimum net fuel cost curve in
Fig. 10-3 is due to compensating factors; i.e., changes in processing charges
and yield of product are offset by accompanying changes in the fuel inventory charge. Similar compensating effects account for the insensitiveness of fuel costs to changes in other design parameters.
Table 10-3 presents a breakdown of costs for some typical reactors having low fuel costs. The changes which occur when thorium-oxide slurry is
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10-3

CosT BREAKDOWN FOR SoME TYPICAL REACTORS

Core diameter, ft
Blanket thickness, ft
Core thorium concentration,
g/liter
Blanket thorium concentration,
g/liter
Blanket U 233 concentration,
g/kg thorium
Core poison fraction
Critical concentration,
g U 233 /liter
Net breeding ratio
Core wall power density, kw /liter
Core cycle time, days
Blanket cycle time, days
Inventory of U 233 and U 235 , kg
Inventory of heavy water, lb
Net U 233 and U 235 production,
g/day
Grams of U 233 per g of U produced
Estimated cost, mills/kwh
Uranium inventory
D20 inventory and losses
Thorium inventory and feed
Fixed chemical processing
Core processing
Blanket processing
Uranium sale, credit
Net fuel cost

6
2

5
2

4
212

6
2

14

200

100

0

0

250

1000

1000

1000

1000

4
0.08

4
0.08

4
0.08

4
0.08

9.4
1.102
53
637
295
368
96,100

6.4
1.081
91
418
205
272
87,400

4.1
1.089
170
884
176
200
89,600

1.4
1.045
80
342
210
148
99,500

522
157,000

49

39

43

21

6

0.67

0.65

0.77

0.72

0.41

0.27
0.27
0.01
0.76
0.13
0.09
0.33
1.22

0.20
0.25
0.01
0.76
0.13
0.12
0.26
1.22

0.15
0.25
0.01
0.76
0.07
0.18
0.29
1.16

0.11
0.29
0.01
0.76
0.08
0.18
0.15
1.29

0.38
0.45
0.01
0.76
0.19

0.08
6.8
1.012
1094

0.04
1. 76

used in the core can be seen by comparing results for the two 6-ft-corediameter reactors.
(4) Reactor power. The above results are based on the concept of a threereactor station of 1440-thermal-Mw capacity, each reactor producing
125 Mw of electricity. The effect of varying power alone is shown in
Table 10-4; the fuel cost is found to be a strong function of power capability. The greater part of the change is due to variation in the fixed
chemical-processing charge. Since the total fixed processing cost
($5500/day) is assumed to be independent of throughput, this charge on
a mills/kwh basis is inversely proportional to the reactor power.
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10-4

EFFECT OF PowER LEVEL oN FUEL CosTs

Electric power per
reactor, Mw

Net fuel cost,
mills/kwh

Fixed chemicalprocessing charge,
mills/kwh

80
125
200

1. 75
1. 22
0.88

1.19
0.76
0.48

(5) Nuclear parameters. The values of 77(U 233 ) and the resonance escape
probability of thorium-oxide slurries are not known with certainty. Therefore the effects of changes in these parameters on the results were computed in order to examine the reliability of the nuclear calculations. The
fuel cost increases by about 0.2 mill/kwh if 77 23 is changed from 2.25 to
2.18, and is reduced by about the same amount if the 77 23 value is taken to
be 2.32 rather than 2.25.
The importance of resonance escape probability for thoria-D 2 0 slurries
(p02 ) upon fuel cost was studied by using values for (1 - p02 ) which are
203 higher or lower than a standard value. With a core thorium concentration of about 200 g/liter, the changes in p02 have a negligible effect upon
fuel cost. At lower core thorium concentrations, the changes in p 02 result
in fuel-cost changes of about 0.05 mill/kwh.
(6) Xenon removal. For most of the cases studied, the contribution of
xenon to the poison fraction is assumed to be 0.01. To achieve this condition, about 803 of the xenon must be removed before neutron capture
occurs. Since xenon-removal systems for slurries have not been demonstrated to date, the effect of operating without xenon removal was studied
by increasing the xenon poison fraction to 0.05 (the samarium contribution
was held at 0.008). In the systems examined, when the xenon poison fraction was increased by 0.04, the total poison fraction yielding the lowest fuel
cost also increased by approximately the same amount. The values in
Table 10-5 illustrate this effect by comparing two cases at optimum total
poison fraction, but at different xenon poison levels. Thus the variable
part of the core poison fraction (and the core processing rate) remains about
the same. The higher fuel cost at the higher xenon level appears to be almost entirely a result of the reduction in breeding ratio.

10-3.3 One-region spherical reactors [8]. (1) Poison fraction. The
poison fraction producing the minimum fuel cost for a given system is in
the range from 0.06 to 0.10, the exact value depending on the specific di-
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Fm. 10-4. Fuel cost as function of thorium concentration in one-region reactors. Power per reactor= 480 Mw (heat), poison fraction= 0.08, 71 23 = 2.25.

ameter and thorium concentration. However, a value of 0.08 gives costs
which are close to the minimum for all cases.
(2) Diameter and thorium concentration. The fuel costs for some of the
single-region reactors studied are shown in Fig. lo-4. Detailed information
TABLE 10--5
EFFECT OF XENON POISON FRACTION ON FUEL COSTS
Xenon poison fraction
Optimum total poison fraction
Core cycle time, days
Breeding ratio
Fuel inventory charge, mill/kwh
Core processing charge, mill/kwh
Fuel product (credit), mill/kwh
Net fuel cost, mills/kwh

0.01
0.08
637
1.102
0.27
0.13
0.33
1.22

0.05
0.12
718
1.070
0.29
0.14
0.22
1.35

for a typical one-region reactor is given in the last column in Table 10--3.
In general, for thorium concentrations less than 400 g/liter the reactor
diameter must be greater than 10 ft in order to have a breeding ratio greater
than unity; the 12-ft-diameter reactor is a breeder (breeding ratio ;;;:; 1.0)
at a thorium concentration of 350 g/liter, while at 250 g Th/liter the
14-ft-diameter reactor is a breeder. For reactors between 10 and 16 ft in
diameter, the thorium concentration yielding the lowest fuel costs is be-
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tween 200 and 275 g/liter. The lowest fuel cost is about 1.76 mills/kwh
(for a 14-ft-diameter reactor containing 270 g Th/liter). In the curve for
the 14-ft reactor, the inflection in the neighborhood of 225 g Th/liter is a
result of the reactor changing from a breeder to a nonbreeder. This inflection is associated with a marked increase in U 236 concentration (concentrations are based on equilibrium conditions), which produces an increase
in fuel processing charges (in all cases it is assumed that U 233 is fed to
the system).
(3) Power arul nuclear parameters. The effect of reactor power on the
fuel costs of one-region reactors is similar to that mentioned earlier for
two-region systems. For example, if the total fuel cost for a three-reactor
station is 1.76 mills/kwh at 125 Mw of electric capability per reactor, it
would be only 1.38 mills/kwh if the output per reactor were increased to
200 Mw.
The importance of changes in nuclear parameter is generally the same
for the one-region reactors as for the two-region systems, although the
effect upon fuel costs of a reduction in 17(U 233 ) is somewhat greater for the
one-region cases.
10-3.4 Cylindrical reactors [9]. The effects of geometry on fuel cost
are due to the associated changes in inventory requirements and breeding
ratio. Accompanying these effects are changes in the average power densities and the wall power densities within the reactor. Because of corrosion
difficulties associated with high power densities, it is desirable to operate
with reasonably large reactor volumes. Cylindrical geometry permits reactors to have large volumes without necessitating large reactor diameters.
One-region spherical reactors would have to be large in order to prevent
excessive neutron leakage, and so power densities would not be high
(average power densities of about 30 kw /liter). Also, closure problems
with respect to maintenance of an inside vessel would not exist. Therefore
there is little incentive to increase reactor volume by using cylindrical
geometry for one-region homogeneous reactors.
For two-region reactors, cylindrical geometry may prove advantageous
with respect to feasibility and relative ease of reactor maintenance. However, the associated larger fuel inventories (in comparison to inventories
for spherical geometry) will increase fuel costs. Comparison of results for
two-region cylindrical reactors with those for spherical two-region reactors
shows that cylindrical geometry gives minimum fuel costs about
0.2 mill/kwh greater than does spherical geometry, if in either case there
were no restrictions on core-wall power density. The difference is even
greater if the core-wall power density influences the reactor size. However,
cylindrical geometry does permit low wall power densities in combination
with relatively small reactor diameters.
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lo-4. EFFECT oF DESIGN VARIABLES ON FuEL CosTs
IN URANIUM-PLUTONIUM SYSTEMS
Fuel costs in uranium-plutonium systems will depend on whether the
plutonium is removed continually or allowed to remain in the reactor. In
the latter case, there is little difference in fuel costs between a
U0 2S04-Pu02-D20 system and a U03-Pu02-D20 system. Fuel-cost
studies have been made on the basis of either maintaining plutonium
uniformly within the reactor or removing the plutonium immediately after
its formation by means of hydroclones. In addition, the effect upon fuel
costs of Li~S04 addition to U02S04 solutions is shown. The additive
serves to suppress two-phase separation of the U02S04 solution, and permits reactor operation at temperatures higher than would otherwise be
feasible.
lo-4.1 One-region Pu02-UOs-D20 power reactors [11,12]. Fuel costs
of one-region homogeneous power reactors fueled with Pu02-U03-D20
slurries are given as functions of operating conditions, based on steadystate concentrations of U 235 , U 236 , Pu 239 , Pu 240, and Pu 241 . All other
higher isotopes are assumed to be removed in the fuel processing step or to
have zero absorption cross section. Although large reactors require feed
enrichments equal to or less than that of natural uranium, minimum fuel
costs are obtained when the reactor wastes are re-enriched in a diffusion
plant. In the reactor system considered, the plutonium produced is fed
back as reactor fuel after recovery in a Purex plant. The separated uranium
is recycled to a diffusion plant for enrichment. Since in all cases the breeding ratio is less than unity, the additional fuel requirement is met by
uranium feed of an enrichment dictated by the operating conditions. As a
result of the feedback of plutonium, the concentration of plutonium in the
reactor is high enough for resonance absorptions and fissions to have an
appreciable effect upon fuel concentrations.
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The fuel cycle is shown in Fig. 10-5. Slurry is removed from the reactor
at the rate required to maintain a specified poison level. The fuel is separated from the D20, cooled for 20 days while the neptunium decays, and
partially decontaminated in a Purex plant. Part of the fuel is then sent
directly to the reactor feed-preparation equipment. Plutonium is separated from the remainder of the uranium and added to the reactor feed.
The uranium is completely decontaminated, stored for 100 days until the
U 237 decays, and sent to the diffusion plant. A 30-day reserve of reactor
feed is kept on hand.
TABLE lQ-6
CosT BREAKDOWNS FOR ONE-REGION PuOrU03-D20
REACTORS* HAVING A DIAMETER OF 12 FT
Process characteristics:
u2as concentration, g/liter
1741
Reactor poisons, %
Total system volume, liters
Chemical process cycle time, days
Initial enrichment (no Pu), U 23 5/U
U 235 feed, g/day
Feed enrichment, % u2as
u2as concentration, g/liter
Pu 239 concentration, g/liter
Pu 240 concentration, g/liter
Pu 241 concentration, g/liter
Np239 concentration, g/liter
U 236 concentration, g/liter
Conversion ratio
Fuel costs:
Fuel inventory, mills/kwh (at 4%)
D20 inventory, mills/kwh (at 4%)
D20 losses, mills/kwh (at 5%)
Net uranium feed cost, mills/kwh
Variable chemical processing cost,
mills/kwh
Fixed costs for chemical processingt,
mills/kwh
Total fuel cost, mills/kwh

175
I. 9
6.0
50,000
151
O.Oll
579
0.99
1.12
0.86
0.49
0.36
0.03
0.10
0.74

200
2.2
6.0

O.Oll

0.70

225
2.4
6.0
50,000
138
O.Oll
430
0.52
0.82
1.17
0.62
0.49
0.03
0.06
0.84

0.08
0.15
0.19
1.15

0.07
0.15
0.19
0.48

0.27

0.32

0.76
2.60

2.20

0.76
1.97

*Operating at 280°C; 480 thermal Mw, 125 elec. Mw; 80% load factor; optimum
poisons, 5-7%.
tEssentially assumes a chemical processing plant servicing three reactors producing 1440 thermal Mw.
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Fm. 10-6. Effect of uranium concentration and reactor diameter on fuel cost in
one-region reactors. 300 Mw of electricity, 1000 Mw of heat, Avg. reactor temperature= 330°0, U02S04-LizS04-D20 solution with dissolved Pu, molar ratio
of Li2S04 to U02S04 = 1, optimum poisons=,......, 53.

Some typical results are given in Table 10-6 for a 12-ft-diameter reactor,
in which different values were assumed for 11 41 (the "best value" for 11 41 is
2.2; therefore, oased on these results, natural uranium. is adequate feed
material to ensure criticality). Where required, the cost of slightly enriched feed is based on the established schedule of charges by the AEC.
Plutonium in the reactor is assumed to have a value of $16/g. Fuel costs
were somewhat lower at larger reactor diameters, but a 12-ft diameter
corresponds to a more feasible reactor size.
lo-4.2 One-region U02S04-Li2S04-D20 power reactors [13]. For minimum fuel costs, one-region reactors r~quire fertile-material concentrations
of several hundred grams per liter. The addition of Li2S04 in molar concentration equal to that of the uranium increases the temperature at which
phase separation appears and also acts as a corrosion inhibitor for stainless
steel. Because of the high neutron-capture cross section of natural lithium,
high isotopic purity in Li7 is necessary. Fuel costs for power-only reactor
systems fueled by U02S04-LbSOcD20 solutions are given here in which
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TABLE

10--7

RESULTS FOR SEVERAL ONE-REGION REACTORS*
NEAR OPTIMUM CONDITIONS

(Minimum fuel costs)
Process characteristics:
Reactor diameter, ft
U 238 concentration, g/liter
Feed enrichment, w/o u2as
Feed rate, g/day of u2as
Chemical processing cycle, days
Poisons, 3
Reactor volume, liters
Total system volume, liters
Power density, kw /liter
Isotope concentration, g/liter:
u2as
u2a6
Pu239
Pu24o
Np239
Pu241
Conversion ratio
Variable fuel cost, mills/kwh:
Net feed cost
Variable chemical processing
Fuel inventory
D20 inventory
D20 losses
Lithium losses and inventory
Hydroclones
Total variable fuel cost

12
200
2.11
1078
359
5
25,600
88,000
39.0

16
200
1.48
923
408
5
60,700
127,000
16.5

20
200
1.22
838
543
5
119,000
181,000
8.4

2.11
0.37
0.97
0.51
0.03
0.52
0.67

1.47
0.26
0.88
0.50
0.02
0.45
0.72

1. 21
0.21
0.84
0.49
0.02
0.43
0.74

1.42
0.11
0.10
0.11
0.14
0.006
0.04
1. 93

1.12
0.11
0.09
0.16
0.20
0.008
0.04
1. 73

0.96
0.10
0.10
0.23
0.29
0.011
0.04
1. 75

*1000 Mw (heat); 300 Mw (electrical); 330°C reactor temperature.

all plutonium is assumed to remain either in solution or uniformly suspended throughout the reactor. The plutonium is returned to the reactor
following fuel processing, and steady-state conditions are assumed. The
same type of fuel cycle as shown in Fig. 10-5 is considered. The results
shown in Fig. 10-6 are for spherical reactors operated at an average temperature of 330°C, producing 1000 Mw of thermal energy, and delivering
300 Mw of electricity to a power grid. The variable fuel costs given do
not include fixed charges for fuel processing; these fixed charges would add
about 0.76 mill/kwh to the fuel costs given. Results are based on a 43

TABLE

10-8

FUEL CosTs FOR BATCH-OPERATED HOMOGENEOUS

Case
no.

1

2
3
4
5
6
7
8
9

Hydroclone
cycle time
(days)

00
00

00
00
00
00
00

1(e)
1(e)

Additive<b)

None
None
None
None
LbS04
Li2S04
Li2S04
None
None

U02S04-D20

Initial uranium
concentration,
g/liter
u23s

u2s5

100
200
300
400
100
200
300
300
400

2.72
4.18
5.99
8.32
2.99
4.82
7.21
5.99
8.32

PowER REACTORS(a)

Fuel costs, (c) mills/kwh
20-year operation
U and Pu
recovered

No U and Pu
recovered

2.61
2.42(d)
2.34
2.96
2.62
2.44(d)
2.24
2.16

2.67
2.48
2.44
3.03
2.69
2.53
2.16
2.07

(a) Average temperature, 280°C; power, 480 thermal Mw, 125 electrical Mw; diameter, 6ft;
system volume, 27,200 liters; fuel solution, U02SOrD20.
(b) Molar concentration of additive was assumed to be equal to the molar concentration of
uranium.
(c) Based on the assumption that the fuel processing plants are servicing enough reactors to
make the fixed charges for chemical processing negligible.
(d) Details in these cases are shown in Table 10-9.
(e) Plutonium was assumed to be completely soluble and not removed by hydroclones.
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inventory charge and $28/lb D 20. Table 10-7 gives a breakdown of costs
for several reactors near optimum conditions. The Li7 cost is assumed to be
$100/lb; at this value the effect of lithium cost upon fuel cost is negligible.
However, the added Li~S0 4 acts as a neutron poison and diluent which
lowers the conversion ratio; these effects increase fuel costs by 0.2 to 0.3
mill/kwh over those which would exist if no Li~S04 were required.
The above results are for equilibrium conditions, with continuous fuel
processing. These reactors can also be operated with no fuel processing,
in which case nonequilibrium conditions apply. Under such conditions the
variable fuel cost would be greater than for the case of continuous fuel
processing; therefore any economic advantage associated with batch operation can exist only if fixed charges for fuel processing (or storage) at the
end of batch operation are effectively lower than fixed charges associated
with continuous processing. Fuel costs are given below for spherical oneregion reactors operating on a batch basis, utilizing an initial loading of
slightly enriched uranium. In all cases, fuel feed is highly enriched U 235 .
The total reactor power is 480 thermal Mw (125 electrical Mw), and an
0.8 load factor is considered. Inventory charges are 43/yr, cost of D20
i:a $28/lb, and the cost of uranium as a function of enrichment is based
on official prices. A summary of the fuel costs is given in Table 10-8 for
6-ft-diameter reactors. More details for two reactors. are given in Table
10-9. Credit for plutonium is based on a fuel value of $16/g; it is assumed
that plutonium will remain within the reactor. The shipping costs do not
include fixed charges on shipping containers.
For these reactors (6-ft diameter), the addition of Li2S04 (99.983 Li7)
(cases 5, 6, and 7) to the fuel solution raises the fuel cost slightly, the maximum increase being about 0.1 mill/kwh. The use of hydroclones (cases 8
and 9) for partial poison removal (assuming no plutonium removal) for
these reactors shows an economic advantage, particularly in the "throwaway" fuel costs (no uranium or plutonium recovery). For these latter
costs, the removal of fission-product poisons reduces the fuel costs by 0.3
to 0.4 mill/kwh for 20-year operation. In view of its low solubility, however, plutonium would be extracted along with the fission-product poisons.
The economic feasibility of hydroclones in these circumstances, in a poweronly economy, is dependent upon the savings effected by posion removal
relative to the costs associated with recovery of the plutonium for fuel
use. Fuel costs for 10-year operation were 0.1 to 0.2 mill/kwh higher than
those for 20-year operation.

lD-4.3 Two-region UOs-Pu02-D20 power reactors [11]. The major
advantage associated with two-region reactors is that good neutron economy can be combined with relatively low inventory requirements. None
of the uranium-plutonium fueled aqueous homogeneous reactors. appear
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TABLE
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10

10-9

IsoTOPE CONCENTRATIONS AND CosT BREAKDOWN FOR
BATCH-OPERATED HOMOGENEOUS REACTORS*

(20-year operation, no hydroclones, 300 g
Initial U 235 concentration, g/liter
Additive
Average U 235 feed rate, kg/yr
Initial U 235 inventory, kg
Final poison fraction
Final isotope concentration, g/liter:
u2a4
u2as
u2a6
u2as
Np2a9
Pu2a9
Pu24o
Pu241
Estimated fuel costs, mills/kwh:
Uranium inventory
D20 inventory and losses
Uranium feed
Chemical processing
Hydroclones
Shipping
Plutonium sale (credit)
Diffusion plant (credit)
Total (fuel cost)

5.99
0
136
163
0.27

u 2as/liter)
7.21
LhS04

136
196
0.25

1.22
12.2
13.9
223
0.03
3.54
3.62
1.24

1.28
13.2
14.0
223
0.03
3.95
4.04
1.38

0.08
0.19
2.12
0.18
0.04
0.04
0.07
0.12
2.42

0.11
0.19
2.12
0.18
0.04
0.04
0.08
0.12
2.44

*Same conditions as listed in Table 10-8.

capable of producing more fuel than is burned; however, it is possible to
operate a two-region reactor with such a low steady-state concentration
of U 2 3 5 in the blanket that natural uranium can be fed to the reactor and
the waste discarded,
In a power-converter the plutonium is extracted from the blanket and
fed to the core as fuel material. Natural uranium is fed to the blanket,
and the plutonium formed is extracted by Purex processing. By adjusting
the concentrations of fissionable materials in the blanket, the net rate of
production of plutonium in the blanket is made equal to the consumption
in the core. The fuel cycle considered for a two-region reactor is shown in
Fig. 10-7. Plutonium from the core is processed continuously through a
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Frn. 10-7. Fuel cycle for two-region U-Pu reactor.

Purex plant to maintain a constant poison fraction. Uranium from the
blanket is also processed through the Purex plant, the rate of processing
being governed by the required plutonium feed to the core. Although it
is possible to operate the reactors without an enriching plant by using
natural-uranium feed to the blanket and discarding the waste, there appears to be a slight cost advantage in operating the reactors in conjunction
with an enriching plant.
Table 10-10 gives fuel costs and associated infonnation for a two-region
reactor having a core diameter of 6 ft and a 10-ft over-all diameter. The
value of 71 41 is assumed to be 1.9. (A more recent value of 71 41 = Z.2 is believed to be more accurate.) Comparison of these costs with those for
one-region reactors of 12 to 14 ft diameter indicate that two-region U-Pu
reactors have fuel costs about 0.2 to 0.3 mill/kwh lower than do one-region
reactors.
10-5. FUEL CosTs IN DUAL-PURPOSE PLUTONIUM PowER REACTORS
Since plutonium is quite insoluble in U0 2804-D20 solutions and can
be removed by hydroclones, it is possible to produce high-qua.lity plutonium (Pu 240 content less than 23). Based on the AEC price schedule,
this high-quality plutonium has a net value of at least $40/g after allowing $1.50/g for conversion to metal). At this value it is more economical
to recover plutonium than to burn it as fuel. Fuel costs based on recovery
of the plutonium are given here for one- and two-region U-Pu reactors.
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TABLE

[CHAP.

10

10-10

FUEL CosTs FOR A Two-REGION,
U-Pu PoWER REACTOR*

Core diameter, ft
Core power, thermal M w
Core Pu concentration, g/liter
N 40 /N49 in core
N 41 /N49 in core
Blanket thickness, ft
Blanket power, thermal Mw
Blanket U concentration, g/liter
N25 /N 28 in blanket
N49 /N 28 in blanket
N40/N 28 in blanket
N41 /N 28 in blanket
Blanket feed enrichment, N25 /NU
Fraction fissions in U235
Fraction of U consumed

6
320
1. 7
0.99
0.35
2
180
500
0.003
0.001
0.0003
0.00005
0.004
0.27
0.017

Fuel costs, mills/kwh
Core processing (variable)
Blanket processing (variable)
D20 recovery
U +Pu losses
Pu inventory
U inventory
D 2 0 inventory plus losses at 93/yr
Feed cost minus credit for returned U
Fixed charges for chemical processingt
Total fuel costs, mills/kwh

0.16
0.31
0.07
0.005
0.04
0.005
0.30
0.62
0.76
2.27

*Average temp., 250°C; total power, 500 thermal Mw;
thermal efficiency, 253; load factor, 803; 7] 41 1.9.
t Assumes chemical-processing plant servicing three reactors.

=

net

10-5.1 One-region reactors [14]. Fuel costs are given for U0 2S0 4-D 20
and U02S04-Li~S04-D 2 0 fuel systems operating at 280°C, in which the
plutonium is assumed to be removed by means of hydroclones on about a
one-day cycle. Characteristics of the assumed systems are presented in
Table 10-11.
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TABLE 10-11
CHARACTERISTICS OF REACTOR SYSTEM
Electrical power, Mw
Heat generation, Mw
Reactor diameter, ft
Power density in system external to core, kw /liter
Average reactor temperature, °C
Reactor poisons, %
Chemical processing rate, g U235 /day
Plutonium removal
Isotopic purity of lithium, %
Processing method
Li7 cost, $/lb
Inventory charges, %
D20 losses, % of inventory /yr
Li losses, % of inventory /yr

125
480
12
20
280
5

1000
Instantaneous
99.98

Purex
40
4
5
1

Because of the high credit for plutonium, the fuel costs are negative even
if the fixed charges for chemical processing (0.76 mill/kwh) are included.
The total fuel costs obtained are shown in Fig. 10-8. The effect of the
Li 2S04 addition is to decrease the conversion ratio; because of the relatively high value assigned to plutonium, this causes the Li 2S04 addition
(added in the same molal concentration as the U0 2S04) to increase fuel
costs by 0.8 mill/kwh over those if no Li 2S04 were required.
Calculations indicate .that batch-type operation of a plutonium producer is undesirable if plutonium has a value of $40/g; any savings in fuelprocessing costs using batch-type operation is more than compensated by
a loss in product value associated with the decrease in plutonium production.

10-5.2 Two-region reactors [15]. Since the conversion ratio is greater
in a two-region reactor, it is expected that a high plutonium value will
cause this reactor type to have lower fuel costs (greater fuel credits) than
a one-region reactor. Calculations for a reactor having a 6-ft-diameter core
and an over-all diameter of 12 ft, in which the plutonium is recovered with
a fuel cycle similar to that given in Fig. 10-7, indicated fuel costs from
0.5 to 0.6 mill/kwh lower than in one-region reactors.
10-6. FuEL CosTs

IN

U 235 BURNER REACTORS

A homogeneous reactor fueled with a dilute, highly enriched U02S04
solution is potentially capable of operating without removing fission

540

HOMOGENEOUS REACTOR COST STUDIES

[CHAP.

10

-0.2

-0.4

-0.6

~

..c

e~

-0.8

-1.0

-:;;
0
u

a;
~

-1.2

-1.4

-1.6

-1.8

-2.0

-2.2 ' - - - - - ' - - - - ' - - - - ' ' - - - - ' - - - . . l . - - - - 1
200
300
400
500
600
700
800
u238 Concentration, g/liter

Fm. 10--8. Effect of Lb80 4 and U 238 concentration on fuel cost of a one-region
spherical plutonium-producer power reactor. Diameter= 12 ft, avg. reactor temperature= 2800C, electrical power=125 Mw, heat generation=480 Mw, avg.
lithium cross section= 0.2 barn, plutonium credit= $40/g, inventory charge= 43,
molar ratio of Li280 4 to U0280 4 = 1, processing rate= 1000 g U235 /day.

products if additional U 235 is continually added to offset the buildup of
poisons.
The results of fuel-cost studies [16,17] for spherical one-region reactors
containing dilute, highly enriched U02S04 in either D20 or H20 are given
in Table 10-12. The noble gases are assumed to be removed continuously.
The removal of poisons and corrosion products by hydroclones is considered, but the fuel cost is about the same whether hydroclones are used
or not (assuming corrosion rates of about 1 mil/year). The results are for
nonsteady-sta te conditions.
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TABLE 10-12
IsoToPE CoNcENTRATIONs AND FUEL CosT BREAKDOWN
FOR SoME U 235 BURNERS
(Average temperature-280°C; 125 M w elect.; 6-ft-diameter core)
D20
H20
D20
Moderator
H20
00
00
1
1
Hydroclone cycle time, days
4400
3400
4200
2000
Operating time, days
34.3
34.3
353
353
Initial U 235 inventory, kg
27,000
27,000
27,000
Total system volume, liters 27,000
Average U 235 feed rate,
237
239
233
kg/yr
22.8
18.6
24.7
U concentration, g/liter*
36
Fraction poisons,*
0.53
0.05
0.17
0.23
~a(p)/~1(25)
Estimated costs, mills/kwh
0.03
0.29
.03
Uranium inventory at 43
D20 inventory and losses at
0.19
0.19
0
93
3.64
Uranium feed cost
3.71
3.70
Chemical processing cost
(variable cost at end of
0.08
0.03
operating period)
0.03
0.02
0.02
Hydroclone cost
0
0.02
0.02
0.02
Shipping cost
Plutonium sale (credit,
0.0005
0.01
0.0003
$16/gm)
Diffusion plant (credit)
0.002
0.02
0.08
4.13
Total (fuel cost)t
4.06
3.91
3.90

*At indicated operating time.
tincludes no fixed charges for fuel processing.

With D 2 0 reactors, it appears that fuel processing can be economically
eliminated if the reactor operating cycle is about 10 years and if the spent
fuel is disposed of cheaply at the reactor site. Such a procedure with the
H 20-moderated reactor is more expensive because of higher uranium
inventory. For low fuel-shipping and -processing charges, the fuel costs
are nearly independent of the reactor size and moderator, and are about
4 mills/kwh. If fixed charges associated with fuel processing are greater
than ,..._,0.5 mill/kwh, it may be more economical to store the fuel than to
have it processed.
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TABLE 10-13
SUMMARY OF FuEL CosTs OF DIFFERENT SYSTEMS
mills/kwh

(1) One-region burner; power only; U02S0 4-D20 solution

(for 14-year operation)
(2) One-region burner; power only; U02S0 4-H20 solution
(for 7-year operation)
(3) One-region converter; power only; UOa-Pu0 2-D20 slurry
(4) One-region converter; power-plutonium; U02SOrD20
solution
(5) Two-region converter; power only; core, Pu02-D20 slurry;
blanket, UOa-PuOrD20 slurry
(6) Two-region converter; power-plutonium; U02SOrD20
solution
(7) One-region breeder; power only; UOa-Th02-D;O slurry
(8) Two-region breeder; power only; UOa-Th02-D20 slurry
(9) Two-region breeder; power only; core, U02SOrD20 solution; blanket, U03-Th02-D20 slurry

3.93
4.12
2.20
-2.00
1.90

-2.66
1. 76
1. 22
1. 29

10-7. SUMMARY OF HOMOGENEOUS REACTOR FUEL-COST CALCULATIONS

10-7.1 Equilibrium operating conditions. Fuel costs in different homogeneous systems are summarized in Table 10-13. Appropriate nuclear data
and general reactor characteristics have been given previously.
10-7.2 Nonsteady-state operating conditions [18]. A comparison of fuel
costs is given here for several one-region reactor systems, operating under
nonsteady-state conditions. The reactors are moderated with either H20 or
D 20 and fueled with enriched U03 plus Th02, or U02S04 of varying enrichments. The effect of adding LizS04 to the U02S04 is also considered.
In the U03 Th02 system, it is assumed that the initial fuel is U 233 and
that sufficient U 233 is available as feed material.
Cost factors which make only a small contribution to the total fuel cost
are fuel processing losses (0.23 of fuel processed), D20 losses (53 of D20
inventory/year), hydroclone costs ($70/day), 30-day inventory supplies,
and shipping charges (it is assumed that the amortization charges for
shipping costs are negligible). In all cases the inventory charges are based
on the volume of the reactor vessel plus the volume of the external system.
This latter volume is calculated on the basis of an average heat-removal

+
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FIG. 10--9. Fuel costs in single-region reactors as a function of power level. Values
in parentheses refer to core diameter (ft), fuel processing cycle time (days), and
fertile material concentration (g/liter) at near-optimum conditions. Inventory
charge= 4%, relative chemical processing= 1, relative poisons = ~' 71 25 = 2.08,
7149
1.93, 7123 2.25.

=

=

capability of 20 kw/liter of external volume. The enrichment of the heavy
water is assumed to be 99.75% D20, and the D20 cost is taken as $28/lb.
Only the optimum or near-optimum reactor conditions are given in
Fig. 10-9. The optimum conditions refer to the diameter, fuel-processing
cycle time, and fertile-material concentration which give the minimum fuel
cost of all the diameters, cycle times, and fertile-material concentrations
studied for the particular case.
A value of unity for relative fuel processing implies a charge of $0.54/g
of U 233 , U 23 4, U 235 , and U 236 processed; $1/g Pu processed; and $3.50/kg
fertile material processed. A value of two implies processing charges twice
the above values. Fixed charges for chemical processing are not included
in the calculation of fuel cost. A relative poisoning of unity implies representation of the fission-product poisons by two effective nuclei having
yields of 0.11 and 1.81 atoms/fission, and thermal absorption cross sections
of 132 and 13.9 barns, respectively (based on values of Robb et al. [19]).
A value of 1/2 implies cross sections 1/2 the above values, corresponding
closely to the values of Walker [20].
Fuel costs were calculated for both 10 and 25 years of reactor operation;
these costs are usually slightly lower after 25 than after 10 years, but the
differences are small, usually between 0 and 0.1 mill/kwh. Therefore, only
results for IO-year operation are given here.
The reactor system and power level influence the fuel cost as indicated
in Fig. 10-9. Changing the power level affects optimum reactor conditions
significantly. The variations in relative poisons and relative chemical
processing considered here did not change fuel costs to a large degree, the
individual effects usually being about 0.1 mill/kwh. The influence of reactor composition on fuel cost is due to the values of 17 for the various
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Fm. 1(}-10. Effects of fuel-processing rate, fuel-processing charge, and poisoning
by fission products upon fuel cost in U0 3-Th02-D20 reactors. Values in paren-

theses refer to core diameter (ft) and thorium concentration (g/liter) at nearoptimum conditions (independent of relative poisons and relative chemical processing values shown). Reactor power= 500 Mw, 11 23 = 2.25; u2aa feed.
fissionable materials and fraction poisons associated with the different
systems. Increasing the inventory charge from 4 to 12% increases fuel
cost by about 0.5 mill/kwh for the D20 systems. Although not shown,
the effect of Li2S04 addition to the U02S04-H20 system has negligible
effect upon fuel cost, owing to the high poison fraction associated with the
H20. The addition in equimolar proportions of Li2S04 to the U02SOrD20
system increases fuel costs by about 0.1 mill/kwh.
The influences of fuel-processing rate, fuel-processing charge, and
fission-product poisoning upon fuel cost are shown in Fig. 10-10 for the
UOa-Th02-D20 system. The fuel-processing rate corresponds to the
fraction of the reactor inventory processed per day. It is seen that doubling
the fission-product poisoning increases the fuel cost about 0.1 mill/kwh for
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the fuel-processing rates considered, and that doubling the processing
charge increases the fuel cost about 0.1 mill/kwh at optimum conditions.
The fuel costs given in Figs. 10-9 and 10-10 include no fixed charges
for fuel processing; the magnitude of these charges would be dependent
upon the number of reactors processed by the processing plant. Increasing
the fuel-processing charges decreases the optimum fuel-processing rate.
Although fuel would undoubtedly be processed at the end of reactor
operation (and this was always assumed in obtaining the results), the permissible unit cost for processing at that time is high compared with the
permissible unit cost associated with a high processing rate. If the fixed
charges for processing correspond only to that period required to process
the fuel (for a given processing-plant capacity), then the optimum processing rate is less than the rate obtained on the basis of fixed charges being
independent of fuel processing rate.
10-8. CAPITAL COSTS FOR LARGE-SCALE PLANTS
The homogeneous reactors that have been built are small and have investment costs of over $1000/electrical kw. The capital costs of large
nuclear plants, based largely on paper studies, have been estimated to be
1.2 to 2 times that of conventional power-cost investments. If capital costs
are $400/kw, corresponding fixed charges are 9 mills/kw at 803 load
factor and 12 mills/kw at 603 load factor, considering a 153 annual fixed
charge. It follows that one of the conditions necessary for low-cost power
is a high load factor. The essential problems are to achieve low fuel costs
and to obtain reliability and long plant lifetime. To date, little experience
has been obtained in operating power reactors; therefore it is difficult to
estimate accurately the lifetime and also the reactor reliability over that
lifetime. Although most economic studies are used to measure the relative
economic advantage of different types of reactors, this cannot be firmly
established so long as the investment and maintenance costs remain uncertain. Consequently, no hard and fast conclusions concerning power
costs can be obtained other than what the ultimate power cost might be.
The initial cost of the reactor building and other buildings associated
with the plant, as well as the site development costs, are strongly influenced by the philosophy behind the design with regard to such factors as
safety and security. Estimates for these costs are usually based on corresponding costs for a large conventional steam power plant. Land costs
for nuclear plants are extravagantly high if containment is not assured.
The cost of containment vessels has been estimated to be in the range of
$10 to $40/electrical kw [21]. Equipment costs usually assume that the
desired equipment has been developed and all development costs paid for.
Even so, the depreciation charges on reactor equipment may be considerably
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TABLE
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10

10-14

PRESENT ESTIMATES OF REACTOR PLANT CosTs FOR A THREE-REACTOR
STATION OPERATING AT A ToTAL PowER OF

(315 Electrical

Mw)

(a)
(b)
(c)
(d)

THERMAL Mw

[23]

Min. Cost
High-pressure system for one reactor
Reactor vessel (and core tank)
Gas separators (3)
Heat exchangers (3)
Fuel and blanket circulating
pumps (3)
High-pressure storage tank and
catalytic recombiner, core system
High-pressure storage tank and
catalytic recombiner, blanket
system
20-Mw gas condenser
6.5--M w gas condenser
Condensate storage tanks (2)
Gas blower for core system
Gas blower for blanket system
High-pressure process piping and
valves
Steam piping, valves and expansion
joints in cells
Instrumentation
Sampling equipment
Installation of high-pressure equipment (foundations, supports,
erection, etc.)
Subtotal for one reactor
Subtotal for three reactors

1350

Max. Cost

530,000
120,000
2,030,000

970,000
240,000
2,680,000

670,000

720,000

110,000

220,000

40,000
40,000
20,000
10,000
30,000
20,000

90,000
70,000
30,000
20,000
60,000
40,000

3,250,000(e.)

6,430,000(e.)

(c)

(c)

700,000

330,000

(b)

(b)

1,430,000
8,630,000
25,900,000

Includes installation, insulation, inspection.
In low-pressure estimate.
In steam-system estimate.
With no contingency.

2,210,000
14,500,000
43,500,000
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10-14 (continued)
Min. Cost

Low-pressure system for one reactor
Dump tanks (6) and associated
equipment.
[Condensers (2),
condensate tanks (2), recombiners
(2), evaporators (2), feed and
circulating pumps, D20 recovery
and fission-product adsorption
system]
Piping and valves, instrumentation,
sampling equipment
Installation of low-pressure equipment
Subtotal for one reactor
Subtotal for three reactors
Reactor structure
Reactor and low-pressure equipment
cells
Equipment transport shield, crane,
maintenance handling equipment
Control room, laboratory, and process area
Cell ventilation system (cooling
water, waste disposal)
Subtotal

Max. Cost

1,260,000

1,800,000

1,080,000

2,270,000

540,000
2,880,000

770,000
4,840,000

8,640,000

14,500,000

3,000,000

4,000,000

430,000

950,000

2,000,000

4,000,000

890,000
$6,320,000

1,750,000
$10,700,000

Summary Cost
Direct cost
$40,900,000
Contractor's overhead and fees
11,000,000
(27%)
Engineering and inspection (10%)
4,100,000
Total<dl
56,000,000

$68,700,000
18,500,000
6,900,000
94,100,000

Reactor plant cost, $/thermal kw

56,000,000 = 41
1,350,000

94,100,000 = 70
1,350,000

Reactor plant cost, $/elec. kw

56,000,000 = 178
315,000

94,100,000
315,000

298
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higher than those for conventional power plants. Also, the insurance costs
for a nuclear plant may be much higher.
Conceptual designs for one- and two-region homogeneous reactors consider stainless steel and stainless-steel-clad carbon steel as materials of construction. Either type reactor will require pressure vessels, gas separators,
steam generators, recombiners, sealed motors, pumps, storage vessels,
valves, and piping. Preliminary estimates [11] of capital investments show
no significant difference in costs between one- and two-region reactor plants.
Engineering considerations place limits upon the operating pressure and
the size of the pressure shell. A spherical reactor shape is desirable, inasmuch as the neutron leakage and the required shell thickness for a given
reactor diameter are thus minimized for a given reactor volume. Fabricators of pressure vessels agree that even though very large shells
can be made, the smaller diameter vessels are more feasible. Because of
the temperature limitation associated with the pressure limitation, saturated steam at relatively low pressures is generated in the heat exchangers
(see Chapter 9).
Although analyses of the turbine plant indicate that thermal efficiency
improves as throttle pressure increases, the reactor system investment
costs rise sharply with increased operating pressure. The effect of saturatedsteam temperature upon turbine plant cost and net station efficiencies is
given [22] in Fig. 10-11.
In estimating reactor plant costs, it is necessary to determine the cost of
the various items of equipment. Present estimates [23] of reactor plant
costs for a large reactor station are given in Table 10-14. The equipment
costs are based on per-pound costs of HRE-2 equipment, cost estimates
obtained from industry, and the assumption that costs are directly proportional to (reactor power) 06 • The effect of station size upon reactor station
costs are estimated [23] in Table 10-15, while the possible effect of technical
advances upon capital investment costs is indicated [22] in Fig. 10-12.
In all these estimates, a developed and operable system is postulated.
10-9.

OPERATING AND MAINTENANCE COSTS IN LARGE-SCALE PLANTS

Because of the high level of radioactivity associated with nuclear plants,
maintenance and repair of nuclear systems will have to be done remotely.
This type of operation is, in general, more time-consuming and expensive
than methods used in maintaining conventional coal-fired power plants.
To minimize operating and maintenance (0 and M) costs, it will be
necessary to design reactor plants so as to simplify maintenance problems;
however, construction costs associated with such design will be higher than
the costs of building a reactor plant in which 0 and M costs are not so
economically significant. These higher costs are associated with the ability
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10-15

PRESENT ESTIMATES OF HOMOGENEOUS REACTOR POWER STATION
CosTs AS A FUNCTION OF STATION SIZE

Plant size:
Thermal Mw
Electrical M w

1350
315
Min.

Direct cost of reactor
plant,
millions of dollars

240
60

Max.

41

69

Engineering and design
(at 15%),
millions of dollars

6

10

Contractor overhead and
fees (at 23%),
millions of dollars

9

16

Total cost reactor plant,
millions of dollars,
$/elec. kw

56
180

95
300

Turbine-generator plant,
millions of dollars,
$/elec. kw
Reactor station total cost,
millions of dollars,
$/elec. kw

Min.

128
400

60
15
Max.

Min.

Max.

27

7.6

13.5

2.4

4

1.1

2.0

3.6

6

1.8

3.1

37
620

10.5
700

18.6
1240

16

22
370

33.4
100
90
280

[23]

2.0
130

7.0
120
29
480

44
730

12.5
830

20.6
1370

to be able to inspect, repair, or replace components in a high radiation
field; this requires component compartmentalization and apcessibility.
Operating and maintenance costs cannot be predicted accurately because of the lack of knowledge and experience; however, the information
available [24] indicates that 0 and M costs may run as high as 4 mills/kwh
in the first plants constructed. Difficulties associated with predicting 0 and
M costs concern predicting component lifetimes, component repair/discard
ratio, maintenance procedures, and downtime required for maintenance.
Also, detailed design studies of various maintenance schemes are required
before these various schemes can be fully evaluated. Based on present

1r==::::;.=I
l~gU 233/liter

1.4 g U 233 /liter +
0.2 g u 235 /liter
as U0 2 S0 4 , 0 20
1000 g Th/liter, 0 20
Total Syal- Volume - 40,000 liters
Two-Region Breeder,
Solution Core

Fl4·kd;o===1
6.8 g U 233 /liter +
0.7 g U 235 /liter +
250 g Th/I iter
in 0 2 0

lr='~"';·==11

I

~· <•••

'=:\

233
9.4 g U
/liter +
23
0.7 g u 5/liter as U0 3 +
200 g Th/liter, op

Zr

I

v&kd;o==::j
'',

u"'~;~:o·•

oo,so,

or

1000 g Th/liter; 4 g U233/liter, 0 Q
2
Total System Volume= 40,000 liters

Total System Volume= 27,000 liters

v= 12kd;o=---l r==---=12kdlo=1
Two-Region Breeder,
Slurry Core

lg U 235 /liter +
200 g U238 /liter as U0 3 +
2 g Pu/I iter as Pu0 2
in

op

One-Region U235 Burner
(Cone. are for 10-yr opr., no fuel processing)

7.5 g U235 /I iter +
in 0 2 0
(Pu removed as Pu0 2)
Li 2S0 4
Molor ratio - - - = l
U0 2S0 4
-

Total Syste111 Volume - 66,000 liters

Total System Volume= 50,000 liters

Total System Volume - 50,000 liters

On•Retion Thorium Slurry

One-Region Uranium-Plutonium Slurry

One-Region U0 2S0 4 Plutonium Producer

Fm. 10-13. Equilibrium fuel concentrations and reactor dimensions for homogeneous systems operating at 280°C and producing
125 Mw electrical power.
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TABLE

10-16

POWER COSTS IN LARGE-SCALE AQUEOUS HOMOGENEOUS REACTORS

(125 electrical Mw; 500 thermal Mw; 803 load factor; 280°C) [22]

Fuel system

Fixed charges at 153,
mills/kwh
Present*

Future

Two-region
solution core

7.5--11.0

4.4-5.0

Two-region
slurry core

7 .5--11.0

One-region
u2as + D20
One-region
u2as + H20

Fuel costs,
mills/kwh

0 and M,t
mills/kwh

Total power costs,
mills/kwh

Present

Future

Present

Future

1.4

2-4

1-2

10.9--16.4

6.8-8.4

4.4-5.0

1.3

2-4

1-2

10.8-16.3

6.7-8.3

6.5--9.5

4.0-4.6

3.9

2-4

1-2

12.4-17.4

8.9--10.5

6.5--9.5

4.0-4.6

4.1

2-4

1-2

12.6-17.6

9.1-10. 7

One-region
Th02 slurry

7.0-10.3

4.3-4.8

2.0

2-4

1-2

11.0-16.3

7.3-8.8

One-region
UOa slurry

7.0-10.3

4.3-4.8

2.1

2-4

1-2

11.1-16.4

7.4-8.9

*Present: Based on present technology, assuming the fuel systems are feasible.
tOperating and maintenance costs.

10-10]
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technology and a feasible reactor system, it is estimated that these costs
will be 2 to 4 mills/kwh.
As more experience is gained in maintaining plants and in designing for
0 and M, it is expected that these costs will decrease; even so, because of
the nature of the problems, 0 and M costs in future plants will probably be 1 to 2 mills/kwh, or about two or three times those associated with
a conventional coal-fired plant.
10-10. SUMMARY OF ESTIMATED POWER COSTS
The power cost is the sum of the fixed charges on capital investment,
fuel costs, and operating and maintenance costs. Figure 10-13 specifies the
reactor systems considered, along with typical fuel concentrations and reactor dimensions. Estimates of the power cost for these systems are given
in Table 10-16, and are based on operation at 280°C and a power level of
125 electrical Mw (500 thermal Mw). Although operating and maintenance
costs are undoubtedly different for the various systems, it is assumed that
the range considered covers the differences involved.
The design power of a reactor plant will markedly influence power costs,
primarily because the investment cost per unit power is a function of power
level. Table 10-17 indicates the influence of power level on power costs,
by comparing costs for U 235 burner-type reactors having power outputs of
125 and 10 electrical Mw, respectively.
TABLE 10-17
INFLUENCE OF POWER LEVEL UPON "PRESENT" POWER COSTS IN
U 235 BURNERS (253 THERMAL EFF.; 803 LOAD FACTOR; 280°C)
Electrical power level, Mw

Fixed charges at 153/yr, mills/kwh
Operating and maintenance, mills/kwh
Fuel costs, mills/kwh
Total power costs, mills/kwh

10

125

16
5
5
26

8
3
4

15
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PREFACE
The Oak Ridge National Laboratory, under the sponsorship of the
U. S. Atomic Energy Commission, has engaged in research on molten
salts as materials for use in high-temperature reactors for a number of
years. The technology developed by this work was incorporated in the
Aircraft Reactor Experiment and made available for purposes of civilian
application. This earlier technology and the new·information found in the
:civilian power reactor effqrt is summarized in this part.
So many present and former members of the Laboratory staff have
contributed directly or indirectly to the molten salt work that it should be
regarded as a contribution from the entire Laboratory. The technical
direction of the work was provided by A. M. Weinberg, R. C. Briant,
W. H. Jordan, and S. J. Cromer. In addition to the contributors listed for
the various chapters, the editor would like to acknowledge the efforts of
the following people who are currently engaged in the work reported:
R. G. Affel, J. C. Amos, C. J. Barton, C. C. Beusman, W. E. Browning,
S. Cantor, D. 0. Campbell, G. I. Cathers, B. H. Clampitt, J. A. Conlin,
M. H. Cooper, J. L. Crowley, J. Y. Estabrook, H. A. Friedman, P. A.
Gnadt, A. G. Grindell, H. W. Hoffman, H. Insley, S. Langer, R. E. MacPherson, R. E. Moore, G. J. Nessle, R. F. Newton, W.R. Osborn, F. E.
R<;>mie, C. F. Sales, J. H. Shaffer, G. P. Smith, N. V. Smith, P. G. Smith,
W. L. Snapp, W. K. Stair, R. A. Strehlow, C. D. Susano, R. E. Thoma,
D. B. Trauger, J. J. Tudor, W. T. Ward, G. M. Watson, J. C. White, and
H. C. Young.
The technical reviews at Argonne National Laboratory and Westinghouse Electric Corporation aided in achieving clarity.
The editor and contributors of this part wish to express their appreciation to A. W. Savolainen for her assistance in preparing the text in its
final form.
Oak Ridge, Tennessee
June 1958

H. G. MacPherson, Editor

CHAPTER 11
INTRODUCTION*

The potential utility of a fluid-fueled reactor that can operate at a high
temperature but with a low-pressure system has been recognized for a
long time. Some years ago, R. C. Briant of the Oak Ridge National Laboratory suggested the use of the molten mixture of UF 4 and ThF 4, together
with the fluorides of the alkali metals and beryllium or zirconium, as the
fluid fuel. Laboratory work with such mixtures led to the operation, in
1954, of an experimental reactor, which was designated the Aircraft Reactor
Experiment (ARE).
Fluoride-salt mixtures suitable for use in power reactors have melting
points in the temperature range 850 to 950°F and are sufficiently compatible
with certain nickel-base alloys to assure long life for reactor components at
temperatures up to 1300°F. Thus the natural, optimum operating temperature for a molten-salt-fueled reactor is such that the molten salt is a
suitable heat source for a modern steam power plant. The principal
advantages of the molten-salt system, other than high temperature, in
comparison with one or more of the other fluid-fuel systems are (1) lowpressure operation, (2) stability of the liquid under radiation, (3) high
solubility of uranium and thorium (as fluorides) in molten-salt mixtures,
and (4) resistance to corrosion of the structural materials that does not
depend on oxide or other film formation.
The molten-salt system has the usual benefits attributed to fluid-fuel
systems. The principal advantages over solid-fuel-element systems are
(1) a high negative temperature coefficient of reactivity, (2) a lack of radiation damage that can limit fuel burnup, (3) the possibility of continuous
fission-product removal, (4) the avoidance of the expense of fabricating
new fuel elements, and (5) the possibility of adding makeup fuel as needed,
which precludes the need for providing excess reactivity. The high negative
temperature coefficient and the lack of excess reactivity make possible a
reactor, without control rods, which automatically adjusts its power in response to changes of the electrical load. The lack of excess reactivity also
leads to a reactor that is not endangered by nuclear power excursions.
One of the attractive features of the molten-salt system is the variety of
reactor types that can be considered to cover a range of applications. The
present state of the technology suggests that homogeneous reactors which
use a molten salt composed of BeF 2 and either Li 7 F or N aF, with UF 4 for
fuel and ThF 4 for a fertile material, are most suitable for early construction.
*By H. G. MacPherson.
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These reactors can be either one or t\YO region and, depending on the size
of the reactor core and the thorium fluoride concentration, can cover a
wide range of fuel inventories, breeding ratios, and fuel reprocessing schedules. The chief virtues of this class of molten-salt reactor are that the design
is based on a well-developed technology and that the use of a simple fuel
cycle contributes to reduced costs.
With further development, the same base salt, that is, the mixture of
BeF2 and Li 7 F, can be combined with a graphite moderator in a heterogeneous arrangement to provide a self-contained Th-U 233 system with a
breeding ratio of one. The chief advantage of the molten-salt system over
other liquid systems in pursuing this objective is that it is the only system
in which a soluble thorium compound can be used, and thus the problem
of slurry handling is avoided. The possibility of placing thorium in the
core obviates the necessity of using graphite as a core-shell material.
Plutonium is being investigated as an alternate fuel for the molten-salt
reactor. Although it is too early to describe a plutonium-fueled reactor in
detail, it is highly probable that a suitable PuF 3-fueled reactor can be
constructed and operated.
The high melting temperature of the fluoride salts is the principal difficulty in their use. Steps must be taken to preheat equipment and to keep
the equipment above the melting point of the salt at all times. In addition,
there is more parasitic neutron capture in the salts of the molten-salt
reactor than there is in the heavy water of the heavy-water-moderated
reactors, and thus the breeding ratios are lower. The poorer moderating
ability of the salts requires larger critical masses for molten-salt reactors
than for the aqueous systems. Finally, the molten-salt reactor shares with
all fluid-fuel reactors the problems of certain containment of the fuel, the
reliability of components, and the necessity for techniques of making
repairs remotely. The low pressure of the molten-salt fuel system should
be beneficial with regard to these engineering problems, but to evaluate
them properly will require operating experience with experimental reactors.

CHAPTER 12
CHEMICAL ASPECTS OF MOLTEN-FLUORIDE-SALT
REACTOR FUELS*
The search for a liquid for use at high temperatures and low pressures
in a fluid-fueled reactor led to the choice of either fluorides or chlorides
because of the requirements of radiation stability and solubility of appreciable quantities of uranium and thorium. The chlorides (based on the Cl3 7
isotope) are most suitable for fast reactor use, but the low thermal-neutron
absorption cross section of fluorine makes the fluorides a uniquely desirable
choice for a high-temperature fluid-fueled reactor in the thermal or epithermal neutron region.
Since for most molten-salt reactors considered to date the required concentrations of UF 4 and ThF 4 have been moderately low, the molten-salt
mixtures can be considered, to a first approximation, as base or solvent
salt mixtures, to which the fissionable or fertile fluorides are added. For
the fuel, the relatively small amounts of UF 4 required make the corresponding binary or ternary mixtures of the diluents nearly controlling with regard
to physical properties such as the melting point.
12-1.

CHOICE OF BASE OR SOLVENT SALTS

The temperature dependence of the corrosion of nickel-base alloys by
fluoride salts is described in Chapter 13. From the data given there, 1300°F
(704°C) is taken as an upper limit for the molten-salt-to-metal interface
temperature. To provide some leeway for radiation heating of the metal
walls and to provide a safety margin, the maximum bulk temperature of
the molten-salt fuel at the design condition will probably not exceed 1225°F.
In a circulating-fuel reactor, in which heat is extracted from the fuel in an
external heat exchanger, the temperature difference between the inlet and
outlet of the reactor will be at least 100°F. The provision of a margin of
safety of 100°F between minimum operating temperature and melting
point makes salts with melting points above 1025°F of little interest at
present, and therefore this discussion is limited largely to salt mixtures
having melting points no higher than 1022°F (550°C). One of the basic
features desired in the molten-salt reactor is a low pressure in the fuel
system, so only fluorides with a low vapor pressure at the peak operating
temperature (""'700°C) are considered.
*By W. R. Grimes, D. R. Cuneo, F. F. Blankenship, G. W. Keilholtz, H. F.
Poppendiek, and M. T. Robinson.
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Fm. 12-1. The system LiF-NaF-KF [A. G. Bergman and E. P. Dergunov,
Compt. rend. a_cad. sci. U.R.S.S., 31, 754 (1941)].

Of the pure fluorides of molten-salt reactor interest, only BeF 2 meets
the melting-point requirement, and it is too viscous for use in the pure
state. Thus only mixtures of two or more fluoride salts provide useful
melting points and physical properties.
The alkali-metal fluorides and the fluorides of beryllium and zirconium
have been given the most serious attention for reactor use. Lead and bismuth fluorides, which might otherwise be useful because of their low neutron
absorption, have been eliminated because they are readily reduced to the
metallic state by structural metals such as iron and chromium.
Binary mixtures of alkali fluorides that have sufficiently low melting
points are an equimolar mixture of KF and LiF, which has a melting point
of 490°C, and a mixture of 60 mole 3 RbF with 40 mole 3 LiF, which has
a melting point of 470°C. Up to 10 mole 3 UF 4 can be added to these
alkali fluoride systems without increasing the melting point above the
550°C limit. A meltmg-point diagram for the ternary system LiF-NaF-KF,
Fig. 12-1, indicates a eutectic with a lower melting point than the melting
points of the simple binary LiF-KF system. This eutectic has interesting
properties as a heat-transfer fluid for molten-salt reactor systems, and
data on its physical properties are given in Tables 12-1 and 12-2. The
KF-LiF and RbF-LiF binaries and their ternary systems with NaF are
the only available systems of the alkali-metal fluorides alone which have

TABLE

12-1

MELTING POINTS, HEAT CAPACITIES, AND EQUATIONS FOR DENSITY
AND VISCOSITY OF TYPICAL MOLTEN FLUORIDES

Composition,
mole%

Melting
point,

oc

Liquid density,
g/cc
p= A - BT(°C)
A

Viscosity, centipoise
Heat capacity
at 700°C,
cal/gram

B

'T'/

= AeB/T(oK)
At 600°C
A

B

X 10- 5

LiF-BeF2
(69--31)

505

2.16

40

0.65

0.118

3624

7.5

LiF-BeF2
(50-50)

350

2.46

40

0.67

0.0189

6174

22.2

NaF-BeF2
(57-43)

360

2.27

37

0.52

0.0346

5164

12.8

NaF-ZrF4
(50-50)

510

3.79

93

0.28

0.0709

4168

8.4

LiF-NaF-KF
(46.5-11.5-42)

454

2.53

73

0.45

0.0400

4170

4.75

LiF-NaF-BeF2
(35-27-38)

338

2.22

41

0.59

0.0338

4738

7.8
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Frn. 12-2. The system NaF-ZrF 4 •
low melting points at low uranium concentrations. They would have
utility as special purpose reactor fuel solvents if no mixtures with better
properties were available.
TABLE

12-2

THERMAL CONDUCTIVITY OF TYPICAL FLUORIDE MIXTURES

Composition,
mole%

LiF-NaF-KF (46.5--11.5--42)
NaF-BeF 2 (57--43)

Thermal conductivity,
Btu/(hr)(ft)(°F)
Solid

Liquid

2.7

2.6
2.4

Mixtures with melting points in the range of interest may be obtained
over relatively wide limits of concentration if ZrF 4 or BeF 2 is a component
of the system. Phase relationships in the NaF-ZrF4 system are shown in
Fig. 12-2. There is a broad region of low-melting-point compositions that
have between 40 and 55 mole 3 ZrF 4.

12-1]
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Fm. 12-5. The system LiF-NaF-BeF2.

The lowest melting binary systems are those containing BeF 2 and LiF
or NaF. Since BeF2 offers the best cross section of all the useful diluents,
fuels based on these binary systems are likely to be of highest interest in
thermal reactor designs.
The binary system LiF-BeF 2 has melting points below 500°C over the
concentration range from 33 to 80 mole 3 BeF2. The presently accepted
LiF-BeF 2 system diagram presented in Fig. 12-3 differs substantially from
previously published diagrams [1-3]. It is characterized by a single eutectic
between BeF 2 and 2LiF · BeF 2 that freezes at 356°C and contains 52 mole
3 BeF2. The compound 2LiF · BeF2 melts incongruently to LiF and
liquid at 460°C; LiF · BeF 2 is formed by the reaction of solid BeF 2 and
solid 2LiF · BeF 2 below 274°C.
The diagram of the NaF-BeF2 system (Fig. 12-4) is similar to that of
the LiF-BeF 2 system. The ternary system combining both NaF and LiF
with BeF2, shown in Fig. 12-5, offers a wide variety of low-melting compositions. Some of these are potentially useful as low-melting heat-transfer
liquids, as well as for reactor fuels.

TABLE

12-3

MELTING POINTS, HEAT CAPACITIES, AND EQUATIONS FOR DENSITY
AND VIscosITY OF FuEL BEARING SALTS

Composition,
mole%

Melting
point,

oc

Liquid density,
g/cc
p= A - BT(°C)

Viscosity, centipoise
Heat capacity
at 700°C,
cal/gram

B

A

X

'Y/

= AeBJT(oK)
At 600°C
A

B

10- 5

LiF-BeF2-UF4
(67-30.5-2.5)

464

2.38

40

0.57

8.4

NaF-BeF2-UF4
(55.5--42-2.5)

400

2.50

43

0.46

10.5

NaF-ZrF4-UF4
(50-46-4)

520

3.93

93

0.26

0.0981

3895

8.5
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THERMAL CONDUCTIVITY OF TYPICAL FLUORIDE FUELS

Thermal conductivity,
Btu/(hr)(ft)(°F)

Composition,
mole 3

LiF-N aF-KF-UF 4 (44.5-10.9-43.5-1.1)
NaF-ZrF4-UF4 (50-4&-4)
NaF-ZrF4-UF4 (53.5-40-6.5)
NaF-KF-UF4 (46.5-26-27.5)

Solid

Liquid

2.0
0.5

2.3
1.3
1.2
0.5

UF4

1035

All Temperatures Are in

5 NaF·2 ZrF4 2 NaF·ZrF4

Fm. 12-6. The system NaF-ZrF4-UF4.

•c

12

12-2]

FUEL AND BLANKET SOLUTIONS
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All Temperatures Are in °C
E=Eutectic
P=Peritectic
LiF·4UF
4
~=Primary Phase Field

Fm. 12-7. The system LiF-BeF2-UF4.

12-2.

FUEL AND BLANKET SOLUTIONS

12-2.1 Choice of uranium fluoride. Uranium hexafluoride is a highly
volatile compound, and it is obviously unsuitable as a component of a
liquid for use at high temperatures. The compound U0 2F 2, which is relatively nonvolatile, is a strong oxidant that would be very difficult to contain. Fluorides of pentavalent uranium (UF 5 ,U 2F 9 , etc.) are not thermally
stable [4] and would be prohibitively strong oxidants even if they could be
stabilized in solution. Uranium trifluoride, when pure and under an inert
atmosphere, is stable even at temperatures above 1000°C [4,5]; however,
it is not so stable in molten fluoride solutions [6]. It disproportionates
appreciably in such media by the reaction
4 UF3

) 3 UF4+ U 0 ,

at temperatures below 800°C. Small amounts of UF3 are permissible in the
presence of relatively large concentrations of UF 4 and may be beneficial
insofar as corrosion is concerned. It is necessary, however, to use UF4
as the major uraniferous compound in the fuel.

578

CHEMICAL ASPECTS: MOLTEN-FLUORIDE-SALT FUELS

All Temperatures Are in

(CHAP.

12

•c

E=Eutectic
P= Peritectic
UF4 l=Primary Phase Field

I

Frn. 12-8. The system NaF-BeF2-UF4.

12-2.2 Combination of UF4 with base salts. The fuel for the Aircraft
Reactor Experiment (Chapter 16) was a mixture of UF 4 with the NaF-ZrF 4
base salt. The ternary diagram for this system is shown in Fig. 12-6. The
compounds ZrF4 and UF4 have very similar unit cell parameters [4] and
are isomorphous. They form a continuous series of solid solutions with a
minimum melting point of 765°C for the solution containing 23 mole %
UF 4. This minimum is responsible for a broad shallow trough which penetrates the ternary diagram to about the 45 mole% NaF composition. A
continuous series of solid solutions without a maximum or a minimum
exists between a-3NaF · UF4 and 3NaF · ZrF4; in this solution series the
temperature drops sharply with decreasing ZrF4 concentration. A continuous solid-solution series without a maximum or a minimum also exists
between the isomorphous congruent compounds 7NaF · 6UF 4 and
7NaF · 6ZrF4; the liquidus decreases with increasing ZrF4 content. These
two solid solutions share a boundary curve over a considerable composition
range. The predominance of the primary phase fields of the three solid
solutions presumably accounts for the complete absence of a ternary
eutectic in this complex system. The liquidus surface over the area below
8 mole% UF4 and between 60 and 40 mole% NaF is relatively flat. All
fuel compositions within this region have acceptable melting points. Minor

12-2]
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ThF4

1oso·c

LiF
845°C

L~~~~~~.._-==:::~~=======g~~~;;~ BeF2
Li2 BeF4

47s•c

LiBeF3 (?)
360°c

543°C

Fm. 12-9. The system LiF-BeF2-ThF 4 •

advantages in physical and thermal properties accrue from choosing mixtures with minimum ZrF4 content in this composition range. Typical
physical and thermal properties are given in Tables 12-3 and 12-4.
The nuclear studies in Chapter 14 indicate that the combination of
BeF 2 with NaF or with LiF (provided the separated Li 7 isotope can be
used) are more suitable as reactor fuels. The diagram of Fig. 12-7 reveals
that melting temperatures below 500°0 can be obtained over wide composition ranges in the three-component system LiF-BeF2-UF4. The lack
of a low-melting eutectic in the NaF-UF 4 binary system is responsible for
melting points below 500°0 being available over a considerably smaller
concentration interval in the NaF-BeFrUF 4 system (Fig. 12-8) than in
its LiF-BeF2-UF4 counterpart.
The four-component system LiF-NaF-BeF 2-UF4 has not been completely diagrammed. It is obvious, however, from examination of Fig. 12-5
that the ternary solvent LiF-NaF-BeF2 offers a wide variety of low-melting
compositions; it has been established that considerable quantities (up to
at least 10 mole %) of UF 4 can be added to this ternary system without
elevation of the melting point to above 500°0.
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FIG. 12-10. The system LiF-BeF2-ThF 4 in the concentration range 50 to 100
mole% LiF.

12-2.3 Systems containing thorium fluoride. All the normal compoundsof thorium are quadrivalent; accordingly, any use of thorium in molten
fluoride melts must be as ThF4. A diagram of the LiF-BeF 2-ThF4 ternary
system, which is based solely on thermal data, is shown as Fig. 12-9.
Recent studies in the 50 to 100 mole % LiF concentration range have
demonstrated (Fig. 12-10) that the thermal data are qualitatively correct.
Breeder reactor blanket or breeder reactor fuel solvent compositions in
which the maximum ThF 4 concentration is restricted to that available in
salts having less than a 550°C liquidus may be chosen from an area of the
phase diagram (Fig. 12-10) in which the upper limits of ThF 4 concentration are obtained in the composition
75 mole% LiF-16 mole % ThF 4-9 mole% BeF 2,
69.5 mole% LiF-21 mole% ThF 4-9.5 mole% BeF 2,
68 mole% LiF-22 mole% ThF 4-10 mole% BeF 2.

12-2.4 Systems containing T14 and UF4. The LiF-BeF 2-UF4 and the
LiF-BeF 2-ThF 4 ternary systems are very similar; the two eutectics in the
LiF-BeF2-ThF4 system are at temperatures and compositions virtually
identical with those shown by the UF 4-bearing system. The very great

12-3]

PROPERTIES OF FLUORIDE MIXTURES
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similarity of these two ternary systems and preliminary examination of
the LiF-BeF 2-ThF4-UF4 quaternary system suggests that fractional replacement of UF 4 by ThF 4 will have little effect on the freezing temperature over the composition range of interest as reactor fuel.
12-2.5 Systems containing PuF 3 • The behavior of plutonium fluorides
in molten fluoride mixtures has received considerably less study. Plutonium tetrafluoride will probably prove very soluble, as have UF 4 and
ThF 4, in suitable fluoride-salt diluents, but is likely to prove too strong an
oxidant to be compatible with presently available structural alloys. The
trifluoride of plutonium dissolves to the extent of 0.25 to 0.45 mole 3 in
LiF-BeF2 mixtures containing 25 to 50 mole 3 BeF2. As indicated in
Chapter 14, it is believed that such concentrations are in excess of those
required to fuel a high-temperature plutonium burner.
12-3. PHYSICAL AND THERMAL PROPERTIES OF FLUORIDE MIXTURES
The melting points, heat capacities, and equations for density and viscosity of a range of molten mixtures of possible interest as reactor fuels are
presented above in Tables 12-1and12-3, and thermal-conductivity values
are given in Tables 12-2 and 12-4; the methods by which the data were obtained are described here. The temperatures above which the materials
are completely in the liquid state were determined in phase equilibrium
studies. The methods used included (1) thermal analysis, (2) differentialthermal analysis, (3) quenching from high-temperature equilibrium states,
(4) visual observation of the melting process, and (5) phase separation by
filtration at high temperatures. Measurements of density were made by
weighing, with an analytical balance, a plummet suspended in the molten
mixture. Enthalpies, heats of fusion, and heat capacities were determined
from measurements of heat liberated when samples in capsules of Ni or
Inconel were dropped from various temperatures into calorimeters; both
ice calorimeters and large copper-block calorimeters were used. Measurements of the viscosities of the molten salts were made with the use of a
capillary efflux apparatus and a modified Brookfield rotating-cylinder
device; agreement between the measurements made by the two methods
indicated that the numbers obtained were within ± 103.
Thermal conductivities of the molten mixtures were measured in an
apparatus similar to that described by Lucks and Deem [7], in which the
heating plate is movable so that the thickness of the liquid specimen can
be varied. The uncertainty in these values is probably less than ± 25%.
The variation of the thermal conductivity of a molten fluoride salt with
temperature is relatively small. The conductivities of solid fluoride mixtures were measured by use of a steady-state technique in which heat was
passed through a solid slab.
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The vapor pressures of PuF 3 [8], UF 4 [9], and ThF 4 are negligibly small
at temperatures that are likely to be practical for reactor operations. Of
the fluoride mixtures likely to be of interest as diluents for high-temperature
reactor fuels, only AlFa, BeF2 [9], and ZrF 4 [10-12] have appreciable
vapor pressures below 700°0.
Measurements of total pressure in equilibrium with NaF-ZrF 4-UF 4
melts between 800 and 1000°0 with the use of an apparatus similar to that
described by Rodebush and Dixon [13] yielded the data shown in Table
12-5. Sense et al. [14], who used a transport method to evaluate partial
TABLE 12-5

vAPOR

PRESSURES OF FLUORIDE MIXTURES CONTAINING ZRF 4

Composition,
mole%
NaF

ZrF4

Vapor pressure constants*
UF4

A

B

Vapor pressure
at 900°C,
mm Hg

xl0 3

100
57
50
50
53

100
43
50
46
43

4
4

7.792
12.542
7.340
7.635
7.888
7.37

9.171
11.360
7.289
7.213
7.551
7.105

0.9
617
14
32
28
21

*For the equation log P (mm Hg)= A - (B/T), where Tis in °K.

pressures in the N aF-ZrF 4 system, obtained slightly different values for
the vapor pressures and showed that the vapor phase above these liquids
is quite complex. The vapor-pressure values obtained from both investigations are less than 2 mm Hg for the equimolar NaF-ZrF4 mixture at
700°0. However, since the vapor is nearly pure ZrF 4, and since ZrF4 does
not melt under low pressures of its vapor, even this modest vapor pressure
leads to engineering difficulties; all lines, equipment, and connections exposed to the vapor must be protected from sublimed ZrF 4 "snow."
Measurements made with the Rodebush apparatus have shown that the
vapor pressure above liquids of analogous composition decreases with increasing size of the alkali cation. All these systems show large negative
deviations from Raoult's law, which are a consequence of the large, positive, excess, partial-molal entropies of solution of ZrF 4. This phenomenon
has been interpreted qualitatively as an effect of substituting nonbridging

TABLE

12-6

VAPOR PRESSURES OF NAF-BEF2 MIXTURES*

Composition,
mole%

Vapor pressure constantst
Temperature
interval,

NaF

oc

NaF

A

BeF2

B

A

x 104
26
41
50
60
75

74
59
50
40
25

785--977
802-988
796-996
855-1025
857-1035

9.392
9.237

NaF-BeF2

BeF2

1.1667
1.2175

B

A

x 104
10.43
10.06
9.52
9.080
8.2

*Compiled from data obtained by Sense et al. [15].
tFor the equation log P (mm Hg)= A - (B/T), where Tis in °K.

1.096
1.085
1.071
1.1063
1.12

Vapor pressure
at 800°C,
mm Hg

B

x 104
9.77
9.79
9.82

1.206
1.187
1.187

1.69
0.94
0.41
0.09
0.02
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fluoride ions for fluoride bridges between zirconium ions as the alkali
fluoride concentration is increased in the melt [12].
Vapor pressure data obtained by the transport method for NaF-BeF2
mixtures [15] are shown in Table 12-6, which indicates that the vapor
phases are not pure BeF2. While pressures above LiF-BeF2 must be expected to be higher than those shown for NaF-BeF2 mixtures, the values
of Table 12-6 suggest that the "snow" problem with BeF2 mixtures is
much less severe than with ZrF 4 melts.
Physical property values indicate that the molten fluoride salts are, in
general, adequate heat-transfer media. It is apparent, however, from
vapor pressure measurements and from spectrophotometric examination of
analogous chloride systems that such melts have complex structures and
are far from ideal solutions.
12-4.

PRODUCTION AND PURIFICATION OF FLUORIDE MIXTURES

Since commercial fluorides that have a low concentration of the usual
nuclear poisons are available, the production of fluoride mixtures is largely
a purification process designed to minimize .corrosion and to ensure the
removal of oxides, oxyfluorides, and sulfur, rather than to improve the
neutron economy. The fluorides are purified by high-temperature treatment with anhydrous HF and H2 gases, and are subsequently stored in
sealed nickel containers under an atmosphere of helium.
12-4.1 Purification equipment. A schematic diagram of the purification
and storage vessels used for preparation of fuel for the Aircraft Reactor
Experiment (Chapter 16) is shown in Fig. 12-11. The reaction vessel in
which the chemical processing is accomplished and the receiver vessel into
which the purified mixture is ultimately transferred are vertical cylindrical
containers of high-purity low-carbon nickel. The top of the reactor vessel
is pierced by a charging port which is capped well above the heated zone
by a Teflon-gasketed flange. The tops of both the receiver and the reaction
vessels are pierced by short risers which terminate in Swagelok fittings,
through which gas lines, thermowells, etc., can be introduced. A transfer
line terminates near the bottom of the reactor vessel and near the top of
the receiver; entry of this tube is effected through copper-gasketed flanges
on 1-in.-diameter tubes which pierce the tops of both vessels. This transfer
line contains a filter of micrometallic sintered nickel and a sampler which
collects a specimen of liquid during transfer. Through one of the risers in
the receiver a tube extends to the receiver bottom; this tube, which is
sealed outside the vessel, serves as a means for transfer of the purified
mixture to other equipment.
This assembly is connected to a manifold through which He, H 2, HF,
or vacuum can be supplied to either vessel. By a combination of large tube
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Reaction Vessel

Receiver Vessel

Frn. 12-11. Diagram of purification and storage system.

furnaces, resistance heaters, and lagging, sections of the apparatus can be
brought independently to controlled temperatures in excess of 800°C.
12-4.2 Purification processing. The raw materials, in batches of proper
composition, are blended and charged into the reaction vessel. The material
is melted and heated to 700°C under an atmosphere of anhydrous HF to
remove H20 with a minimum of hydrolysis. The HF is replaced with H 2
for a period of 1 hr, during which the temperature is raised to 800°C, to
reduce U 5 + and U 6 + to UH (in the case of simulated fuel mixtures), and
sulfur compounds to s--, and extraneous oxidants (Fe+++, for example) to
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lower valence states. The hydrogen, as well as all subsequent reagent gases,
is fed at a rate of about 3 liters/min to the reaction vessel through the receiver and transfer line and, accordingly, it bubbles up through the molten
charge. The hydrogen is then replaced by anhydrous HF, which serves,
during a 2- to 3-hr period at 800°C, to volatilize H 2S and HCl and to convert oxides and oxyfluorides of uranium and zirconium to tetrafluorides at
the expense of dissolution of considerable NiF2 into the melt through reaction of HF with the container. A final 24- to 30-hr treatment at 800°C
with H 2 suffices to reduce this NiF2 and the contained FeF 2 to soluble
metals.
At the conclusion of the purification treatment a pressure of helium
above the salt in the reactor vessel is used to force the melt through the
transfer line with its filter and sampler into the receiver. The metallic
iron and nickel are left in the reactor vessel or on the sintered nickel filter.
The purified melt is permitted to freeze under an atmosphere of helium
in the receiver vessel.
12-5. RADIATION STABILITY OF FLUORIDE MIXTURES
When fission of an active constituent occurs in a molten fluoride solution, both electromagnetic radiations and particles of very high energy
and intensity originate within the fluid. Local overheating as a consequence
of rapid slowing down of fission fragments by the fluid is probably of little
consequence in a reactor where the liquid is forced to flow turbulently and
where rapid and intimate mixing occurs. Moreover, the bonding in such
liquids is essentially completely ionic. Such a solution, which has neither
covalent bonds to sever nor a lattice to disrupt, should be quite resistant to
damage by particulate or electromagnetic radiation.
More than 100 exposures to reactor radiation of various fluoride mixtures containing UF 4 in capsules of Inconel have been conducted; in these
tests the fluid was not deliberately agitated. The power level of each test
was fixed by selecting the U 235 content of the test mixture. Thermal neutron fluxes have ranged from 10 11 to 10 14 neutrons/(cm 2)(sec) and power
levels have varied from 80 to 8000 w/cm 3. The capsules have, in general,
been exposed at 1500°F for 300 hr, although several tests have been conducted for 600 to 800 hr. A list of the materials that have been studied is
presented in Table 12-7. Methods of examination of the fuels after irradiation have included (1) freezing-point determinations, (2) chemical
analysis, (3) examination with a shielded petrographic microscope, (4) assay by mass spectrography, and (5) examination by a gamma-ray spectroscope. The condition of the container was checked with a shielded metallograph.
No changes in the fuel, except for the expected burnup of U 235 , have
been observed as a consequence of irradiation. Corrosion of the Inconel
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TABLE

12-7

MOLTEN SALTS WHICH HAVE BEEN STUDIED
IN IN-PILE CAPSULE TESTS

System

Composition,
mole%

NaF-KF-UF4
NaF-BeFrUF 4
NaF-BeF2-UF4
NaF-BeF2-UF4
NaF-ZrFcUF4
NaF-ZrFcUF4
NaF-ZrF cUF 4
NaF-ZrFcUFa

46.5--26--27.5
25--60-15
47-51-2
50-46--4
63-25--12
53.5--40-6.5
50-48-2
50-48-2

TABLE

12-8

DESCRIPTIONS OF !NCONEL FORCED-CIRCULATION LOOPS
OPERATED IN THE LITR AND THE MTR

Loop designation

NaF-ZrF cUF 4· composition,
mole%
Maximum fission power, w/cm 3
Total power, kw
Dilution factor*
Maximum fuel temperature, °F
Fuel temperature differential, °F
Fuel Reynolds number
Operating time, hr
Time at full power, hr

LITR
Horizontal

LITR
Vertical

MTR
Horizontal

62.5-12.5-25
400
2.8
180
1500
30
6000
645
475

63-25-12
500

53.5--40-6.5
800
20
5
1500
155
5000
467
271

10

7.3
1600
250
3000
332
235

*Ratio of volume of fuel in system to volume of fuel in reactor core.
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capsules to a depth of less than 4 mils in 300 hr was found; such corrosion
is comparable to that found in unirradiated control specimens [16]. In
capsules which suffered accidental excursions in temperatures to above
2000°F, grain growth of the Inconel occurred and corrosion to a depth of
12 mils was found. Such increases in corrosion were almost certainly the
result of the serious overheating rather than a consequence of the radiation
field.
Tests have also been made in which the fissioning fuel is pumped through
a system in which a thermal gradient is maintained in the fluid. These tests
included the Aircraft Reactor Experiment (described in Chapter 16) and
three types of forced-circulation loop tests. A large loop, in which the
pump was outside the reactor shield, was operated in a horizontal beam
hole of the LITR. * A smaller loop was operated in a vertical position in
the LITR lattice with the pump just outside the lattice. A third loop was
operated completely within a beam-hole of the MTR. t The operating conditions for these three loops are given in Table 12-8.
The corrosion that occurred in these loop tests, which were of short
duration and which provided relatively small temperature gradients, was
to a depth of less than 4 mils and, as in the capsule tests, was comparable
to that found in similar tests outside the radiation field [16]. Therefore
it is concluded that within the obvious limitations of the experience up to
the present time there is no effect of radiation on the fuel and no acceleration of corrosion by the radiation field.
12-6.

BERAVIOR OF FISSION PRODUCTS

When fission of an active metal occurs in a molten solution of its fluoride, the fission fragments must originate in energy states and ionization
levels very far from those normally encountered. These fragments, however, quickly lose energy through collisions in the melt and come to equilibrium as common chemical entities. The valence states which they ultimately assume are determined by the necessity for cation-anion equivalence
in the melt and the requirement that redox equilibrium be established
among components of the melt and constituents of the metallic container.
Structural metals such as Inconel in contact with a molten fluoride solution are not stable to Fz, UFs, or UF 6 • It is clear, therefore, that when
fission of uranium as UF 4 takes place, the ultimate equilibrium must be
such that four cation equivalents are furnished to satisfy the fluoride ions
released. Thermochemical data, from which the stability of fission-product
fluorides in complex dilute solution could be predicted, are lacking in
*Low Intensity Test Reactor, a tank type research reactor located at Oak
Ridge, Tennessee.
tMaterials Testing Reactor, a tank type research reactor located at Arco, Idaho.
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many cases. No precise definition of the valence state of all fission-product
fluorides can be given; it is, accordingly, not certain whether the fission
process results in oxidation of the container metal as a consequence of depositing the more noble fission products in the metallic state.

12-6.1 Fission products of well-defined valence. The noble gases. The
fission products krypton and xenon can exist only as elements. The
solubilities of the noble gases in NaF-ZrF 4 (53-47 mole %) [17],
NaF-ZrF4-UF4 (50-46-4 mole%) [17], and LiF-NaF-KF (46.5-11.5-42
mole %) obey Henry's law, increase with increasing temperature, decrease
with increasing atomic weight of the solute, and vary appreciably with
composition of the solute. The Henry's law constants and the heats of
solution for the noble gases in the NaF-ZrF4 and LiF-NaF-KF mixtures
are given in Table 12-9. The solubility of krypton in the N aF-ZrF 4 mixture appears to be about 3 x10-s moles/(cm 3 )(atm).
TABLE
SoLuBILITrns AT

600°C

12_:9

AND HEATS oF SoLUTION FOR

N oBLE

GASES IN MOLTEN FLUORIDE MIXTURES

In NaF-ZrF4
(53-47 mole %)
Gas

K*

Heat of
solution,
kcal/mole

x10-s
Helium
Neon
Argon
Xenon

21.6 ±1
11.3 ±0.3
5.1 ± 0.15
1.94±0.2

In LiF-NaF-KF
(46.5-11.5-42 mole%)

K*

Heat of
solution,
kcal/mole

x10-s
6.2
7.8
8.2
11.1

11.3±0.7
4.4±0.2

8.0
8.9

*Henry's law constant in moles of gas per cubic centimeter of solvent per
atmosphere.

The positive heat of solution ensures that blanketing or sparging of the
fuel with helium or argon in a low-temperature region of the reactor cannot
lead to difficulty due to decreased solubility and bubble formation in higher
temperature regions of the system. Small-scale in-pile tests have revealed
that, as these solubility data suggest, xenon at low concentration is retained in a stagnant melt but is readily removed by sparging with helium.
Only a very small fraction of the anticipated xenon poisoning was observed

590

CHEMICAL ASPECTS: MOLTEN-FLUORIDE-SALT FUELS

[CHAP.

12

during operation of the Aircraft Reactor Experiment, even though the system contained no special apparatus for xenon removal [18]. It seems
certain that krypton and xenon isotopes of reasonable half-life can be
readily removed from all practical molten-salt reactors.
Elements of Groups I-A, II-A, III-B, and IV-B. The fission products
Rb, Cs, Sr, Ba, Zr, Y, and the lanthanides form very stable fluorides; they
should, accordingly, exist in the molten fluoride fuel in their ordinary
valence states. High concentrations of ZrF 4 and the alkali and alkaline
earth fluorides can be dissolved in LiF-NaF-KF, LiF 2-BeF 2, or NaF-ZrF 4
mixtures at 600°C. The solubiliti~ at 600°C of YF 3 and of selected rareearth fluorides in NaF-ZrF4 (53-47 mole%) and LiF-BeF2 (65-35 mole%)
are shown in Table 12-10. For these materials the solubility increases
TABLE 12-10
SOLUBILITY OF YF3 AND OF SoME RARE-EAnTH FLUORIDES
IN NAF-ZRF4 AND IN LIF-BEF 2 AT 600°C
Solubility, mole 3 MF3
Fluoride

YF3
LaF3
CeF3
SmF3

In NaF-ZrF4

In LiF-BeF2

(57-43 mole 3)

(62-38 mole 3)

3.6
2.1
2.3
2.5

0.48

about 0.53/°C and increases slightly with increasing atomic number in
the lanthanide series; the saturating phase is the simple trifluoride. For
solutions containing more than one rare earth the primary phase is a solid
solution of the rare-earth trifluorides; the ratio of rare-earth cations in the
molten solution is virtually identical with the ratio in the precipitated solid
solution. Quite high burnups would be required before a molten fluoride
reactor could saturate its fuel with any of these fission products.

12-6.2 Fission products of uncertain valence. The valence states assumed by the nonmetallic elements Se, Te, Br, and I must depend strongly
on the oxidation potential defined by the container and the fluoride melt,
and the states are not at present well defined. The sparse thermochemical
data suggest that if they were in the pure state the fluorides of Ge, As,
Nb, Mo, Ru, Rh, Pd, Ag, Cd, Sn, and Sb would be reduced to the corresponding metal by the chromium in Inconel. While fluorides of some of
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these elements may be stabilized in dilute molten solution in the melt, it is
possible that none of this group exists as a compound in the equilibrium
mixture. An appreciable, and probably large, fraction of the niobium and
ruthenium produced in the Aircraft Reactor Experiment was deposited
in or on the Inconel walls of the fluid circuit; a detectable, but probably
small, fraction of the ruthenium was volatilized, presumably as RuF5, from
the melt.

12-6.3 Oxidizing nature of the fission process. The fission of a mole of
UF 4 would yield more equivalents of cation than of anion if the noble gas
isotopes of half-life greater than 10 min were lost and if all other elements
formed fluorides of their "lowest reported valence state. If this were the
case .the system would, presumably, retain cation-anion equivalence by
reduction of fluorides of the most noble fission products to metal and
perhaps by reduction of some U4+ to U 3+. If, however, all the elements
of uncertain valence state listed in Article 12-6.2 deposit as metals, the
balance would be in the opposite direction. Only about 3.2 equivalents of
combined cations result, and since the number of active anion equivalents
is a minimum of 4 (from the four fluorines of UF 4 ), the deficiency must
be alleviated by oxidation of the container. The evidence from the Aircraft
Reactor Experiment, ·the in-pile loops, and the in-pile capsules has not
shown the fission process to cause serious oxidation of the container; it is
possible that these experiments burned too little uranium to yield significant
results. If fission of UF 4 is shown to be oxidizing, the detrimental effect
could be overcome by deliberate and occasional addition of a reducing agent
to create a small and stable concentration of soluble UF3 in the fuel
mixture.
12-7.

FUEL REPROCESSING

Numerous conventional processes such as solvent extraction, selective
precipitation, and preferential ion exchange could be readily applied to
molten fluoride fuels after solution in water. However, these liquids are
readily amenable to remote handling and serve as media in which chemical
reactions can be conducted. Most development efforts have, accordingly,
been concerned with direct and nonaqueous reprocessing methods.
Recovery of uranium from solid fuel elements by dissolution of the
element in a fluoride bath followed by application of anhydrous HF and
subsequent volatilization of the uranium as UF 6 has been described
[19,20]. The volatilization step accomplishes a good separation from Cs,
Sr, and the rare earths, fair separation from Zr, and-poor separation from
Nb and Ru. The fission products I, Te, and Mo volatilize completely from
the melt. The nonvolatile fission products are discarded in the fluoride
solvent. Further decontamination of the UF 6 is effected by selective ab-

592

CHEMICAL ASPECTS:

MOLTEN-FLUORIDE-SALT FUELS

[CHAP.

12

sorption and desorption on beds of NaF. At 100°C, UF 6 is absorbed on the
bed by the reversible reaction
UF6 (g)

+ 3NaF

>3NaF · UF 6,

which was first reported by Martin, Albers, and Dust [21]. Niobium activity, along with activity attributable to particulate matter, is also
absorbed; ruthenium activity, however, largely passes through the bed.
Subsequent desorption of the UF 6 at temperatures up to 400°C is accomplished without desorption of the niobium. The desorbed UF 6 is passed
through a second NaF bed held at 400°C as a final step and is subsequently
recovered in refrigerated traps.
The decontaminations obtained are
greater than 106 for gross beta and gamma emitters, greater than 10 7 for
Cs, Sr, and lanthanides, greater than 10 5 for Nb, and about 104 for Ru.
Uranium was recovered from the molten-salt fuel of the Aircraft Reactor
Experiment by this method, and its utility for molten-fluoride fuel systems
or breeder blankets was demonstrated. Recovery of plutonium or thorium,
however, is not possible with this process.
There are numerous possible methods for reprocessing molten-salt fuels.
The behavior of the rare-earth fluorides indicates that some decontamination of molten-fluoride fuels may be obtained by substitution of CeF3 or
LaF3, in a sidestream circuit, for rare earths of higher cross section. It
seems likely that PuF3 can be recovered with the rare-earth fluorides and
subsequently separated from them after oxidation to PuF 4 . Further, it
appears that both selective precipitation of various fission-product elements and active constituents as oxides, and selective chemisorption of
these materials on solid oxide beds are capable of development into valuable separation procedures. Only preliminary studies of these and other
possible processes have been made.
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CHAPTER 13
CONSTRUCTION MATERIALS FOR MOLTEN-SALT REACTORS*
13-1.

SURVEY OF SUITABLE MATERIALS

A molten-salt reactor system requires structural materials which will
effectively resist corrosion by the fluoride salt mixtures utilized in the core
and blanket regions. Evaluation tests of various materials in fluoride salt
systems have indicated that nickel-base alloys are, in general, superior to
other commercial alloys for the containment of these salts under dynamic
flow conditions. In order to select the alloy best suited to this application,
an extensive program of corrosion tests was carried out on the available
commercial nickel-base alloys, particularly Inconel, which typifies the
chromium-containing alloys, and Hastelloy B, which is representative of
the molybdenum-containing alloys.
Alloys containing appreciable quantities of chromium are attacked by
molten salts, mainly by the removal of chromium from hot-leg sections
through reaction with UF 4 , if present, and with other oxidizing impurities
in the salt. The removal of chromium is accompanied by the formation of
subsurface voids in the metal. The depth of void formation depends
strongly on the operating temperatures of the system and on the composition of the salt mixture.
On the other hand, Hastelloy B, in which the chromium is replaced with
molybdenum, shows excellent compatibility with fluoride salts at temperatures in excess of 1600°F. Unfortunately, Hastelloy B cannot be used
as a structural material in high-temperature systems because of its agehardening characteristics, poor fabricability, and oxidation resistance.
The information gained in the testing of Hastelloy B and Inconel led
to the development of an alloy, designated INOR-8, which combines the
better properties of both alloys for molten-salt reactor construction. The
approximate compositions of the three alloys, Inconel, Hastelloy B, and
INOR-8, are given in Table 13-1.
INOR-8 has excellent corrosion resistance to molten fluoride salts at
temperatures considerably above those expected in molten-salt reactor
service; further, no measurable attack has been observed thus far in tests
at reactor operating temperatures of 1200 to 1300°F. The mechanical
properties of INOR-8 at operating temperatures are superior to those of
many stainless swels and are virtually unaffected by long-time exposure
*By W. D. Manly, J. W. Allen, W. H. Cook, J. H. DeVan, D. A. Douglas,
H. Inouye, D. H. Jansen, P. Patriarca, T. K. Roche, G. M. Slaughter, A. Taboada,
and G. M. Tolson.
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13-1

COMPOSITIONS OF POTENTIAL STRUCTURAL MATERIALS

Quantity in alloy, w/o
Components

Chromium
Iron
Molybdenum
Manganese
Carbon
Silicon
Sulfur
Copper
Cobalt
Nickel

Incon el

INOR-8

14--17
6-10

6-8
5 (max)
15-18
0.8 (max)
0.04--0.08
0.35 (max)
0.01 (max)
0.35 (max)
0.2 (max)
Balance

1 (max)
0.15 (max)
0.5
0.01
0.5
72 (min)

Hastelloy B
l (max)

4--7
26-30
1.0 (max)
0.05 (max)
1.0 (max)
0.03 (max)
2.5 (max)
Balance

Clamshell
Heaters

Fla. 13-1. Diagram of a standard thermal-convection loop, showing locations
at which metallographic sections are taken after operation.
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Heated Sections
Heater Connecting Lugs

Frn. 13-2. Diagram of forced-circulation loop for corrosion testing.

to salts. The material is structurally stable in the operating temperature
range, and the oxidation rate is less than 2 mils in 100,000 hr. No difficulty
is encountered in fabricating standard shapes when the commercial practices established for nickel-base alloys are used. Tubing, plates, bars,
forgings, and castings of INOR-8 have been made successfully by several
major metal manufacturing companies, and some of these companies are
prepared to supply it on a commercial basis. Welding procedures have
been established, and a good history of reliability of welds exists. The
material has been found to be easily weldable with rod of the same composition.
Inconel is, of course, an alternate choice for the primary-circuit structural material, and much information is available on its compatibility with
molten salts and sodium. Although probably adequate, Inconel does not
have the degree of flexibility that INOR-8 has in corrosion resistance to
different salt systems, and its lower strength at reactor operating temperatures would require heavier structural components.
A considerable nuclear advantage would exist in a reactor with an
uncanned graphite moderator exposed to the molten salts. Long-time
exposure of graphite to a molten salt results in the salt penetrating the
available pores, but it is probable, with the "impermeable" types of
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graphite now being developed, that the degree of salt penetration encountered can be tolerated. The attack of the graphite by the salt and the
carburization of the metal container seem to be negligible if the temperature
is kept below 1300°F. More tests are needed to finally establish the compatibility of graphite-salt-alloy systems.
Finally, a survey has been made of materials suitable for bearings and
valve seats in molten salts. Cermets, ceramics, and refractory metals
appear to be promising for this application and are presently being investigated.
13-2. CORROSION OF NICKEL-BASE ALLOYS BY MOLTEN SALTS
13-2.1 Apparatus used for corrosion tests. Nickel-base alloys have been
exposed to flowing molten salts in both thermal-convection loops and in
loops containing pumps for forced circulation of the salts. The thermalconvection loops are designed as shown in Fig. 13-1. When the bottom
and an adjacent side of the loop are heated, usually with clamshell heaters,
convection forces in the contained fluid establish flow rates of up to 8 ft/min,
depending on the temperature difference between the heated and unheated
portions of the loop. The forced-circulation loops are designed as shown
in Fig. 13-2. Heat is applied to the hot leg of this type of loop by direct
resistance heating of the tubing. Large temperature differences (up ti>
300°F) are obtained by air-cooling of the cold leg. Reynolds numbers of
up to 10,000 are attainable with 1/2-in.-ID tubing, and somewhat higher
values can be obtained with smaller tubing.
13-2.2 Mechanism of corrosion. Most of the data on corrosion have
been obtained with Inconel, and the theory of the corrosive mechanism
was worked out for this alloy. The corrosion of INOR-8 occurs to a lesser
degree but follows a pattern similar to that observed for Inconel and presumably the same theory applies.
The formation of subsurface voids is initiated by the oxidation of chromium along exposed surfaces through oxidation-reduction reactions with
impurities or constituents of the molten fluoride-salt mixture. As the surface is depleted in chromium, chromium from the interior diffuses down
the concentration gradient toward the surface. Since diffusion occurs by
a vacancy process and in this particular situation is essentially monodirectional, it is possible to build up an excess number of vacancies in the metal.
These precipitate in areas of disregistry, principally at grain boundaries
and impurities, to form voids. These voids tend to agglomerate and grow in
size with increasing time and temperature. Examinations have demonstrated that the subsurface voids are not interconnected with each other
or with the surface. Voids of the same type have been found in Inconel
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after high-temperature oxidation tests and high-temperature vacuum tests
in which chromium was selectively removed.
The selective removal of chromium by a fluoride-salt mixture depends on
various chemical reactions, for example:
1. Impurities in the melt:
FeF2 +Cr <

CrF2 +Fe.

(13-1)

3Cr0 2 + 4FeF 3 .

(13-2)

2UF3 + CrF2.

(13-3)

2. Oxide films on the metal surface:
2Fe20a + 3CrF 4 <
3. Constituents of the fuel:
Cr+ 2UF 4 <

The ferric fluoride formed by the reaction of Eq. (13-2) dissolves in the
melt and further attacks the chromium by the reaction of Eq. (13-1).
The time-dependence of void formation in Inconel, as observed both in
thermal-convection and forced-circulation systems, indicates that the attack is initially quite rapid but that. it then decreases until a straight-line
relationship exists between depth of void formation and time. This effect
can be explained in terms of the corrosion reactions discussed above. The
initial rapid attack found for both types of loops stems from the reaction
of chromium with impurities in the melt [reactions (13-1) and (13-2)] and
with the UF 4 constituent of the salt [reaction (13-3)] to establish a quasiequilibrium amount of CrF2 in the salt. At this point attack proceeds
linearly with time and occurs by a mass-transfer mechanism which, although it arises from a different cause, is similar to the phenomenon of
temperature-gradient mass transfer observed in liquid metal corrosion.
In molten fluoride-salt systems, the driving force for mass transfer is a
result of a temperature dependence of the equilibrium constant for the
reaction between chromium and UF 4 (Eq. 13-3). If nickel and iron are
considered inert diluents for chromium in Inconel, the process can be
simply described. Under rapid circulation, a uniform concentration of UF 4,
UF 3, and CrF 2 is maintained throughout the fluid; the concentrations must
satisfy the equilibrium constant
K a_- K 'Y . K N_-

2

'YCrF2 · 'Y UFa
'Yer·

'Y

2

uF.

N CrF2 · N 2 uF3
2
Ncr · N UF4

(13-4)

where N represents the mole fraction and 'Y the activity coefficient of the
indicated component.
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FIG. 13-3. Hot-leg section from an Inconel thermal-convection loop which circulated the fuel mixture NaF-ZrF4-UF4 (50-46-4 mole%) for 1000 hr at 1500°F.
(250X)

Under these steady-state conditions, there exists a temperature T, intermediate between the maximum and minimum temperatures of the loop,
at which the initial composition of the structural metal is at equilibrium
with the fused salt. Since KN increases with increasing temperature, the
chromium concentration in the alloy surface is diminished at temperatures
higher than T and is augmented at temperatures lower than T. In some
melts, NaF-LiF-KF-UF4, for example, the equilibrium constant of reaction (13-3) changes sufficiently with temperature u:r;ider extreme temperature conditions to cause precipitation of pure chromium crystals in the
cold zone. In other melts, for example NaF-ZrF4-UF4, the temperaturedependence of the corrosion equilibrium is small, and the equilibrium is
satisfied at all useful temperatures without the formation of crystalline
chromium. In the latter systems the rate of chromium removal from the
salt stream at cold-leg regions is dependent on the rate at which chromium
can diffuse into the cold-leg wall. If the chromium concentration gradient
tends to be small, or if the bulk of the cold-leg surface is held at a relatively
low temperature, the corrosion rate in such systems is almost negligible.
It is obvious that addition of the equilibrium concentrations of UFa
and CrF2 to molten fluorides prior to circulation in Inconel equipment
would minimize the initial removal of chromium from the alloy by reac-
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Fm. 13-4. Hot-leg section of Inconel thermal-convection loop which circulated
the fuel mixture NaF-ZrF4-UF4 (55.3-40.7-4 mole %) for 1000 hr at 1250°F.
(250X)

tion (13-3). (It would not, of course, affect the mass-transfer process which
arises as a consequence of the temperature-dependence of this reaction.)
Deliberate additions of these materials have not been practiced in routine
corrosion tests because (1) the effect at the uranium concentrations normally employed is small, and (2) the experimental and analytical difficulties are considerable. Addition of more than the equilibrium quantity of
UF 3 may lead to deposition of some uranium metal in the equipment walls
through the reaction
4UF4

) 3UF 4 + uo.

(13-5)

For ultimate use in reactor systems, however, it may be possible to treat
the fuel material with calculated quantities of metallic chromium to provide the proper UF 3 and CrF2 concentrations at startup.
According to the theory described above, there should be no great difference in the corrosion found in thermal-convection loops and in forcedcirculation loops. The data are in general agreement with this conclusion
so long as the same maximum metal-salt interface temperature is present
in both types of loop. The results of many tests with both types of loop
are summarized in Table 13-2 without distinguishing between the two
types of loop. The maximum bulk temperature of the salt as it left the
heated section of the loop is given. It is known that the actual metal-salt
interface temperature was not greater than 1300°F in the loops with a

602

[CHAP.

MOLTEN-SALT REACTOR CONSTRUCTION MATERIALS
TABLE

13

13-2

SUMMARY OF CORROSION DATA OBTAINED IN THERMALJ-CONVECTION AND
FORCED-CIRCULATION

Loop

TESTS OF !NCONEL AND INOR-8

EXPOSED TO VARIOUS CIRCULATING SALT MIXTURES

Constituents of
ba.'le salts

NaF-ZrF.

UF. or ThF•
content

1 mole%
1 mole%
4mole %
4mole %
4mole %
0

UF.
UF.
UF.
UF.
UF.

Time of

Depth of subsurface

Maximum salt
temperature,

operation,

OF

hr

hottest part of loop,
in.

Inconel

1250
1270
1250
1500
1500
1500

1000
6300
1000
1000
1000
1000

<0.001
(}-0.0025
0.002
0.007--0.010
0. Q02--0. 003
0. 002--0. 003

Loop
material

lnconel
lnconel
Inconel
Inconel
INOR-8

void formation at

NaF-BeF2

1 mole% UF.
0
3 mole% UF4
1 mole% UF.

Inconel
Inconel
Inconel
INOR-8

1250
1500
1500
1250

1000
500
500
6300

0.001
0. 004c-O. 010
0.008--0.014
0.001

LiF-BeF2

1 mole% UF4
3 mole% UF.
1 mole% UF.

Inconel
Inconel
INOR-8

1250
1500
1250

1000
500
1000

0.001--0.002
0.012--0.020
0

NaF-LiF-BeF2

0
0
3 mole% UF.

Inconel
Inconel

1125
1500
1500

1000
500
500

0.002
0. 003--0. 005
0. 008--0. 013

NaF-LiF-KF

0
2.5 mole % UF •
0
2.5 mole % UF •

Inconel

1125
1500
1250
1500

1000
500
1340
1000

0.001
0.017
0
0.001--0.003

Inconel
Inconel

INOR-8
INOR-8

LiF

29 mole% ThF.

Inconel

1250

1000

(}-0. 0015

NaF-BeF2

7 mole% ThF 4

INOR-8

1250

1000

0

maximum salt temperature of 1250°F, and was between 1600 and 1650°F
for the loop with a maximum salt temperature of 1500°F.
The data in Table 13-2 are grouped by types of base salt because the
salt has a definite effect on the measured attack of Inconel at 1500°F. The
salts that contain BeF2 are somewhat more corrosive than those containing
ZrF 4, and the presence of LiF, except in combination with NaF, seems to
accelerate corrosion.
At the temperature of interest in molten-salt reactors, that is, 1250°F, the
same trend of relative corrosiveness of the different salts may exist for
Inconel, but the low rates of attack observed in tests preclude a conclusive
decision on this point. Similarly, if there is any preferential effect of the
base salts on INOR-8, the small amounts of attack tend to hide it.
As expected from the theory, the corrosion depends sharply on the UF4
concentration. Studies of the nuclear properties of molten-salt power
reactors have indicated (see Chapter 14) that the UF 4 content of the fuel
will usually be less than 1 mole %, and therefore the corrosiveness of salts
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Frn. 13-5. Hot-leg section of Inconel thermal-convection loop which circulated
the fuel mixture LiF-BeF2-UF4 (62-37-1 mole%) for 1000 hr at 1250°F. (250X)

with higher UF 4 concentrations, such as those described in Table 13-2,
will be avoided.
The extreme effect of temperature is also clearly indicated in Table 13-2.
In general, the corrosion rates are three to six times higher at 1500°F than
at 1250°F. This effect is further emphasized in the photomicrographs
presented in Figs. 13-3 and 13-4, which offer a comparison of metallographic specimens of Inconel that were exposed to similar salts of the N aFZrF 4-UF 4 system at 1500°F and at 1250°F. A metallographic specimen of
lnconel that was exposed at 1250°F to the salt proposed for fueling of the
molten-salt power reactor is shown in Fig. 13-5.
The effect of sodium on the structural materials of interest has also been
extensively studied, since sodium is proposed for use as the intermediate
heat-transfer medium. Corrosion problems inherent in the utilization of
sodium for heat-transfer purposes do not involve so much the deterioration
of the metal surfaces as the tendency for components of the container
material to be transported from hot to cold regions and to form plugs of
deposited material in the cold region. As in the case of the corrosion by the
salt mixture, the mass transfer in sodium-containing systems is extremely
dependent on the maximum system operating temperature. The results of
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numerous tests indicate that the nickel-base alloys, such as Inconel and
INOR-8, are satisfactory containers for sodium at temperatures below
1300°F, and that above 1300°F the austenitic stainless steels are preferable.
13-3. FABRICATION OF INOR-8
13-3.l Casting. Normal melting procedures, such as induction or electric furnace melting, are suitable for preparing INOR-8. Specialized techniques, such as melting under vacuum or consumable-electrode melting,
have also been used without difficulty. Since the major alloying constituents do not have high vapor pressures and are relatively inert, melting losses
are negligible, and thus the specified chemical composition can be obtained
through the use of standard melting techniques. Preliminary studies indicate that intricately shaped components can be cast from this material.
13-3.2 Hot forging. The temperature range of forgeability of INOR-8
is 1800 to 2250°F. This wide range permits operations such as hammer
and press forging with a minimum number of reheats between passes and
substantial reductions without cracking. The production of hollow shells
for the manufacture of tubing has been accomplished by extruding forged
and drilled billets at 2150°F with glass as a lubricant. Successful extrusions have been made on commercial presses at extrusion ratios of up to
14:1. Forging recoveries of up to 903 of the ingot weight have been reported by one vendor.
13-3.3 Cold-forming. In the fully annealed condition, the ductility of
the alloy ranges between 40 and 503 elongation for a 2-in. gage length.
Thus, cold-forming operations, such as tube reducing, rolling, and wire
drawing, can be accomplished with normal production schedules. The effects of cold-forming on the ultimate tensile strength, yield strength, and
elongation are shown in Fig. 13-6.
Forgeability studies have shown that variations in the carbon content
have an effect on the cold-forming of the alloy. Slight variations of other
components, in general, have no significant effects. The solid solubility of
carbon in the alloy is about 0.013. Carbon present in excess of this amount
precipitates as discrete particles of (Ni,Mo)6C throughout the matrix;
the particles dissolve sparingly even at the high annealing temperature
of 2150°F. Thus cold-working of the alloy causes these particles to align
in the direction of elongation and, if they ar~ present in sufficient quantity,
they form continuous stringers of carbides. The lines of weakness caused
by the stringers are sufficient to propagate longitudinal fractures in tubular
products during fabrication. The upper limit of the carbon content for
tubing is about 0.103, and for other products it appears to be greater
than 0.203. The carbon content of the alloy is controllable to about 0.023
in the range below 0.103.
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Frn. 13-6. Work hardening curves for INOR-8 annealed 1 hr at 2150°F before
reduction.

13-3.4 Welding. The parts of the reactor system are joined by welding,
and therefore the integrity of the system is in large measure dependent
on the reliability of the welds. During the welding of thick sections, the
material will be subjected to a high degree of restraint, and consequently
both the base metal and the weld metal must not be susceptible to cracking,
embrittlement, or other undesirable features.
Extensive tests of weld specimens have been made. The circular-groove
test, which accurately predicted the weldability of conventional materials
with known welding characteristics, was found to give reliable results for
nickel-base alloys. In the circular-groove test, an inert-gas-shielded tungsten-arc weld pass is made by fusion welding (i.e., the weld metal contains
no filler metal) in a circular groove machined into a plate of the base metal.
The presence or absence of cracks in the weld metal is then observed.
Test samples of two heats of INOR-8 alloys, together with samples of four
other alloys for comparison, are shown in Fig. 13-7. As may be seen, the
restraint of the weld metal caused complete circumferential cracking in
INOR-8 heat 8284, which contained 0.043 B, whereas there are no cracks
in INOR-8 heat 30--38, which differed from heat 8284 primarily in the
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Frn. 13-7. Circular-groove tests of weld metal cracking.

WELD DEPOSIT

112 in.
\BACKING STRIP___.-./

~ t·2-in.-THICK

I
PLATE

FIG. 13-8. Weld test plate design showing method of obtaining specimen.
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Frn. 13-9. Weld in slot of vacuum-melted ingot.

absence of boron. Two other INOR-8 heats that did not contain boron
similarly did not crack when subjected to the circular-groove test.
In order to further study the effect of boron in INOR-8 heats, several
3-lb vacuum-melted ingots with nominal boron contents of up to 0.103
were prepared, slotted, and welded as shown in Fig. 13-9. All ingots with
0.023 or more boron cracked in this test.
A procedure specification for the welding of INOR-8 tubing is available
that is based on the results of these cracking tests and examinations of
numerous successful welds. The integrity of a joint, which is a measure
of the quality of a weld, is determined through visual, radiographic, and
metallographic examinations and mechanical tests at room and service
temperatures. It has been established through such examinations and
tests that sound joints can be made in INOR-8 tubing that contains less
than 0.023 boron.
Weld test plates of the type shown in Fig. 13-8 have also been used for
studying the mechanical properties of welded joints. Such test plates were
side-bend tested in the apparatus illustrated in Fig. 13-10. The results of
the tests, presented in Table 13-3, indicate excellent weld metal ductility.
For example, the ductility of heat M-5 material is greater than 403 at
temperatures uo to and including 1500°F.
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Specimen
Thermocouple

P-l.i~l:::;l~,..--~~-.L- Bend
Specimen

Heating Element
Connections
1220v or 11 Ovl

1 0 1 2 3 4 5
Scale in Inches

FIG. 13-10. Apparatus for bend tests at high temperatures.
13-3.5 Brazing. Welded and back-brazed tube-to-tube sheet joints are
normally used in the fabrication of heat exchangers for molten salt service.
The back-brazing operation serves to remove the notch inherent in conventional tube-to-tube sheet joints, and the braze material minimizes the
possibility of leakage through a weld failure that might be created by thermal stresses in service.
The nickel-base brazing alloys listed in Table 13-4 have been shown to
be satisfactory in contact with the salt mixture LiF-KF-NaF-UF4 in
tests conducted at 1500°F for 100 hr. Further, two precious metal-base
brazing alloys, 823 Au-183 Ni and 803 Au-203 Cu, were unattacked
in the LiF-KF-NaF-UF4 salt after 2000 hr at 1200°F. These two precious

TABLE

13-3

RESULTS OF SrnE-BEND TESTS OF As-WELDED
INOR-8 AND INCONEL SAMPLES

Filler metal
Test
temperature,
OF

Room
1100
1200
1300
1500

INOR-8 (Heat M-5)

INOR-8 (Heat SP-19)

Inconel

Bend angle,*
deg

Elongation t in
1/4 in.,%

Bend angle,
deg

Elongation in
1/4 in., %

Bend angle,
deg

Elongation in
1/4 in.,%

>90
>90
>90
>90
>90
>90
>90

>40
>40
>40
>40
>40
>40
>40

>90
>90
>90
30
15
15

>40
>40
>40
15
8
8

>90
>90
>90
>90
>90
15
15

>40
>40
>40
>40
>40
8
8

*Bend angle recorded is that at which first crack appeared.
tElongation recorded is that at outer fiber at time first crack appeared.
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TABLE 13-4
NICKEL-BASE BRAZING ALLOYS FOR USE IN
HEAT EXCHANGER FABRICATION
Brazing alloy content, w/o
Components

Nickel
Silicon
Boron
Iron and carbon

Alloy 52

Alloy 91

Alloy 93

91.2
4.5
2.9
Balance

91.3
4.5
2.9
Balance

93.3
3.5
1. 9
Balance

metal alloys were also tested in the LiF-BeF2-UF 4 mixture and again were
not attacked.

13-3.6 Nondestructive testing. An ultrasonic inspection technique is
available for the detection of flaws in plate, piping, and tubing. The waterimmersed pulse-echo ultrasound equipment has been adapted to highspeed use. Eddy-current, dye-penetrant, and radiographic inspection
methods are also used as required. The inspected materials have included
Inconel, austenitic stainless steel, INOR-8, and the Hastelloy and other
nickel-molybdenum-base alloys.
Methods are being developed for the nondestructive testing of weldments during initial construction and after replacement by remote means
in a high-intensity radiation field, such as that which will be present if
maintenance work is required after operation of a molten-salt reactor.
The ultrasonic technique appears to be best suited to semiautomatic and
remote operation and of any of the applicable methods, it will probably
be the least affected by radiation. Studies have indicated that the difficulties encountered due to the high ultrasonic attenuation of the weld
structures in the ultrasonic inspection of Inconel welds and welds of some
of the austenitic stainless steels are not present in the inspection of INOR-8
welds. In addition, the troublesome large variations in ultrasonic attenuation common to Inconel and austenitic stainless steel welds are less severe
in INOR-8 welds. The mechanical equipment designed for the remote
welding operation will be useful for the inspection operation.
In the routine inspection of reactor-grade construction materials, a tube,
pipe, plate, or rod is rejected if a void is detected that is larger than 53
of the thickness of the part being inspected. In the inspection of a weld,
the integrity of the weld must be better than 953 of that of the base metal.
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Typical rejection rates for Inconel and INOR-8 are given below:
Rejection rate (%)
Item

Tubing
Pipe
Plate
Rod
Welds

Inconel

INOR-8

17
12

20
14

8
5

8
5

14

14

The rejection rates for INOR-8 are expected to decline as more experience
is gained in fabrication.
13-4.

MECHANICAL AND THERMAL PROPERTIES OF

INOR-8

13-4.1 Elasticity. A typical stress-strain curve for INOR-8 at 1200°F
is shown in Fig. 13-11. Data from similar curves obtained from tests at
room temperature up to 1400°F are summarized in Fig. 13-12 to show
changes in tensile strength, yield strength, and ductility as a function of
temperature. The temperature dependence of the Young's modulus of this
material is illustrated in Fig. 13-13.
13-4.2 Plasticity. A series of relaxation tests of INOR-8 at 1200 and
1300°F has indicated that creep will be an important design consideration
for reactors operating in this temperature range. The rate at which the
stress must be relaxed in order to maintain a constant elastic strain at
1300°F is shown in Fig. 13-14, and similar data.for 1200°F are presented
in Fig. 13-15. The time lapse before the material becomes plastic is about
1 hr at 1300°F and about 10 hr at 1200°F. The time period during which
the material behaves elastically becomes much longer at lower temperatures, and below some temperature, as yet undetermined, the metal will
continue to behave elastically indefinitely.
It is possible to summarize the creep data by comparing the times to
1.0% total strain, as a function of stress, in the data shown in Fig. 13-16.
The reproducibility of creep data for this material is indicated by the
separate curves shown in Fig. 13-17. It may be seen that quite good correlation between the creep curves is obtained at the lower stress values.
Some scatter in time to rupture occurs at 25,000 psi, a stress which corresponds to the 0.2% offset yield strength at this temperature. Such scatte1
is to be expected at this high stress level.
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Fm. 13-11. Stress-strain relationships for INOR-8 at 1200°F. Initial slope (represented by dashed line at left) is equivalent to a static modulus of elasticity in
tension of 25,200,000 psi. The dashed line at right is the curve for plastic deformation of 0.002 in/in; its intersection with the stress-strain curve indicates a yield
strength of 25,800 psi for 0.23 offset. IBtimate tensile strength, 73,895 psi; gage
length, 3.25 in.; material used was from heat 3038.

The tensile strengths of several metals are compared with the tensile
strength of INOR-8 at 1300°F in the following tabulation, and the creep
properties of the several alloys at 1.0% strain are compared in Fig. 13-18.

Material

Tensile strength at
1300°F, psi

18-8 stainless steel
Cr-Mo steel (53 Cr)
Hastelloy B
Hastelloy C
Inconel
INOR-8

40,000
20,000
70,000
100,000
60,000
65,000

The test results indicate that the elastic and plastic strengths of INOR-8
are near the top of the range of strength properties of the several alloys

13-4]

613

MECHANICAL AND THERMAL PROPERTIES OF INOR-8

(xlo3)
110

0

100

0
0

0

90

"'
0

80

00

0

·;; 70

,...,. tf.-

!l.

c

·e

~

!

~ Vi

1'; 60

50

0

40

0

30

M

"'

..,

0

0

N

20
0

2

6

8

10

Temperature,

12
0

14

16

18(x10 2)

f

Frn. 13-12. Tensile properties of INOR-8 as a function of temperature.
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Fm. 13-13. Young's modulus for INOR-8.
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Fm. 13-14. Relaxation of INOR-8 at 1300°F at various constant strains.
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Fm. 13-15. Relaxation of INOR-8 at 1200°F at various constant strains.
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FIG. 13-18. Comparison of the creep properties of several alloys.

commonly considered for high-temperature use. Since INOR-8 was designed to avoid the defects inherent in these other metals, it is apparent
that the undesirable aspects have been eliminated without any serious
loss in strength.

13-4.3 Aging characteristics. Numerous secondary phases that are capable of embrittling a nickel-base alloy can exist in the Ni-Mo-Cr-Fe-C
system, but no brittle phase exists if the alloy contains less than 203 Mo,
83 Cr, and 53 Fe. INOR-8, which contains only 15 to 183 Mo, consists
principally of two phases: the nickel-rich solid solution and a complex carbide with the approximate composition (Ni, Mo) 6 C. Studies of the effect
of the carbides on creep strength have shown that the highest strength
exists when a continuous network of carbides surrounds the grains. Tests
have shown that carbide precipitation does not cause significant embrittlement at temperatures up to 1480°F. Aging for 500 hr at various temperatures, as shown in Fig. 13-19, improves the tensile properties of the alloy.
The tensile properties at room temperature, as shown in Table 13-5, are
virtually unaffected by aging.
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FIG. 13-19. Effect of aging on high-temperature tensile properties of INOR-8.
TABLE

13-5

RESULTS OF RooM-TEMPERATURE EMBRITTLEMENT TESTS OF INOR-8

Heat treatment

Annealed*
Annealed and aged 500 hr at
1000°F
Annealed and aged 500 hr at
1100°F
Annealed and aged 500 hr at
1200°F
Annealed and aged 500 hr at
1300°F
Annealed and aged 500 hr at
1400°F

Ultimate tensile
strength, psi

Yield point at
0. 23 offset, psi

Elongation,
3

114,400

44,700

50

112,000

42,500

53

112,600

44,000

51

112,300

44,700

51

112,000

44,500

49

112,400

43,900

50

*0.045-in. sheet, annealed 1 hr at 2100°F and tested at a strain rate of 0.05 in/min.
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13-4.4 Thermal conductivity and coefficient of linear thermal expansion.
Values of the thermal conductivity and coefficient of linear thermal expansion are given in Tables 13-6 and 13-7.

TABLE

13-6

COMPARISON OF THERMAL CONDUCTIVITY

vALUES

FOR INOR-8

AND INCONEL AT SEVERAL TEMPERATURES

Thermal conductivity, Btu/ (ft 2) (sec) (°F /ft)

Temperature,
OF

INOR-8

Inconel

5.56
6.77
11.16
12.10
14.27
16.21
18.15

9.44
9.92
10.40
10.89
11.61
12.10
12.58

212
392
572
752
933
1112
1292

TABLE

I
13-7

COEFFICIENT OF LINEAR EXPANSION OF INOR-8
FOR SEVERAL TEMPERATURE RANGES

Temperature range, °F

Coefficient of linear expansion,
in/ (in) (°F)

x10-a
70-400
70-600
70-800
70-1000
70-1200
70-1400
70-1600
70-1800

5.76
6.23
6.58
6.89
7.34
7.61
8.10
8.32

OXIDATION RESISTANCE
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13-5. OXIDATION RESISTANCE
The oxidation resistance of nickel-molybdenum alloys depends on the
service temperature, the temperature cycle, the molybdenum content, and
the chromium content. The oxidation rate of the binary nickel-molybdenum
alloy passes through a maximum for the alloy containing 153 Mo, and the
scale formed by the oxidation is NiMo04 and NiO. Upon thermal cycling
from above 1400°F to below 660°F, the Ni1Vfo0 4 undergoes a phase transformation which causes the protective scale on the oxidized metal to spall.
Subsequent temperature cycles then result in an accelerated oxidation
rate. Similarly, the oxidation rate of nickel-molybdenum alloys containing
chromium passes through a maximum for alloys containing between 2 and
63 Cr. Alloys containing more than 63 Cr are insensitive to thermal
cycling and the molybdenum content because the oxide scale is predominantly stable Cr20 3 . An abrupt decrease, by a factor of about 40, in
the oxidation rate at 1800°F is observed when the chromium content is
increased from 5.9 to 6.23.
The oxidation resistance of INOR-8 is excellent, and continuous operation at temperatures up to 1800°F is feasible. Intermittent use at temperatures as high as 1900°F could be tolerated. For temperatures up to 1200°F,
the oxidation rate is not measurable; it is essentially nonexistent after
1000 hr of exposure in static air. It is estimated that oxidation of 0.001 to
0.002 in. would occur in 100,000 hr of operation at 1200°F. The effect of
temperature on the oxidation rate of the alloy is shown in Table 13-8.

TABLE 13-8
OXIDATION RATE OF INOR-8 AT VARIOUS TEMPERATURES*

Test temperature,

OF

1200
1600
1800
1900
2000

Weight gain, mg/cm 2
In 100 hr

In 1000 hr

0.00
0.25
0.48
0.52
2.70

0.00
0.67t
1.5t
2.0t
28.2t

Shape of
rate curve

Cubic or logarithmic
Cubic
Parabolic
Parabolic
Linear

*3.7 mg/cm 2 = 0.001 in. of oxidation.
tExtrapolated from data obtained after 170 hr at temperature.
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Frn. 13-20. Components of a duplex heat exchanger fabricated of Inconel clad
with type-316 stainless steel.

13-6. FABRICATION OF A DUPLEX TUBING HEAT EXCHANGER
The compatibility of INOR-8 and sodium is adequate in the temperature
range presently contemplated for molten-salt reactor heat-exchanger operation. At higher temperatures, mass transfer could become a problem, and
therefore the fabrication of duplex tubing has been investigated. Satisfactory duplex tubing has been made that consists of Inconel clad with
type-316 stainless steel, and components for a duplex heat exchanger have
been fabricated, as shown in Fig. 13-20.
The fabrication of duplex tubing is accomplished by coextrusion of
billets of the two alloys. The high temperature and pressure used result
in the formation of a metallurgical bond between the two alloys. In subsequent reduction steps the bonded composite behaves as one material.
The ratios of the alloys that comprise the composite are controllable to
within 33. The uniformity and bond integrity obtained in this process are
illustrated in Fig. 13-21.
The problem of welding INOR-8-stainless steel duplex tubing is being
studied. Experiments have indicated that proper selection of alloy ratios
and weld design will assure welds that will be satisfactory in high-temperature service.
To determine whether interdiffusion of the alloys would result in a continuous brittle layer at the interface, tests were made in the temperature
range 1300 to 1800°F. As expected, a new phase appeared at the interface
between INOR-8 and the stainless steel which increased in depth along
the grain boundaries with increases in the temperature. The interface of a
duplex sheet held at 1300°F for 500 hr is shown in Fig. 13-22. Tests of
this sheet showed an ultimate tensile strength of 94,400 psi, a 0.23 offset
yield strength of 36,800 psi, and an elongation of 513. Creep tests of the
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FIG. 13-21. Duplex tubing consisting of Inconel over type-316 stainless steel.
Etchant: glyceria regia.

sheet showed that the diffusion resulted in an increase in the creep resistance with no significant loss of ductility.
Thus no major difficulties would be expected in the construction of an
INOR-8-stainless steel heat exchanger. The construction experience thus
far has involved only the 20-tube heat exchanger shown in Fig. 13-20.
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Fm. 13-22. Unstressed and stressed specimens of INOR-8 clad with type-316
stainless steel after 500 hr at 1300°F. Etchant: electrolytic H2S0 4 (2% solution).
(lOOX)
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Fm. 13-23. CCN graphite (A) before and (B) after exposure for 1000 hr to N aFZrF 4-UF 4 (50-46-4 mole %) at 1300°F as an insert in the hot leg of a thermalconvection loop. Nominal bulk density of graphite specimen: 1.9 g/cm3 •
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13-7. AVAILABILITY OF INOR-8
Two production heats of INOR-8 of 10,000 lb each and numerous smaller
heats of up to 5000 lb have been melted and fabricated into various shapes
by normal production methods. Evaluation of these commercial products
has shown them to have properties similar to those of the laboratory heats
prepared for material selection. Purchase orders are filled by the vendors
in one to six months, and the costs range from $2.00 per pound in ingot
form to $10.00 per pound for cold-drawn welding wire. The costs of tubing,
plate, and bar products depend to a large extent on the specifications of the
finished products.

13-8. COMPATIBILITY OF GRAPHITE WITH l\ioLTEN SALTS AND
NICKEL-BASE ALLOYS
If graphite could be used as a moderator in direct contact with a molten
salt, it would make possible a molten-salt reactor with a breeding ratio in
excess of one (see Chapter 14). Problems that might restrict the usefulness
of this approach are possible reactions of graphite and the fuel salt, penetration of the pores of the graphite by the fuel, and carburization of the
nickel-alloy container.
Many molten fluoride salts have been melted and handled in graphite
crucibles, and in these short-term uses the graphite is inert to the salt.
Tests at temperatures up to 1800°F with the ternary salt mixture
N aF-ZrF 4-UF 4 gave no indication of the decomposition of the fluoride
and no gas evolution so long as the graphite was free from a silicon impurity.
Longer-time tests of graphite immersed in fluoride salts have shown
greater indications of penetration of the graphite by salts, and it must be
assumed that the salt will eventually penetrate the available pores in the
graphite. The "impermeable" grades of graphite available experimentally
show greatly reduced penetration, and a sample of high-density, bonded,
natural graphite (Degussa) showed very little penetration. Although
quantitative figures are not available, it is likely that the extent of penetration of "impermeable" graphite grades can be tolerated.
Although these penetration tests showed no visible effects of attack of
the graphite by the salt, analyses of the salt for carbon showed that at
1500°F more than 1% carbon may be picked up in 100 hr. The carbon
pickup appears to be sensitive to temperature, however, inasmuch as
only 0.025% carbon was found in the salt after a 1000-hr exposure at
1300°F.
In some instances coatings have been found on the graphite after exposure to the salt in Inconel containers, as illustrated in Fig. 13-23. A
cross section through the coating is shown in Fig. 13-24. The coating was
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Frn. 13-24. Cross sections of samples shown in Fig. 13-23. (A) Before exposure;
(B) after exposure. Note the thin film of CraC2 on the surface in (B). The black
areas in (A) are pores. In (B) the pores are filled with salt. (lOOX)

found to be nearly pure chromium carbide, Cr 3 C 2 • The source of the
chromium was the Inconel container.
In the tests run thus far, no positive indication has been found of carburization of the nickel-alloy containers exposed to molten salts and
graphite at the temperatures at present contemplated for power reactors
(< 1300°F). The carburization effect seems to be quite temperature sensitive, however, since tests at 1500°F showed carburization of Hastelloy B
to a depth of 0.003 in. in 500 hr of exposure to NaF-ZrF rUF 4 containing
graphite. A test of Inconel and graphite in a thermal-convection loop in
which the maximum bulk temperature of the fluoride salt was 1500°F gave
a maximum carburization depth of 0.05 in. in 500 hr. In this case, however,
the temperature of the metal-salt interface where the carburization occ1_irred was considerably higher than 1500°F, probably about 1650°F.
A mixture of sodium and graphite is known to be a good carburizing
agent, and tests with it have confirmed the large effect of temperature on
the carburization of both Inconel and INOR-8, as shown in Table 13-9.
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TABLE 13-9
EFFECT OF TEMPERATURE ON CARBURIZATION OF
lNCONEL AND INOR-8 IN 100 HR
Alloy

Temperature, °F

Depth of carburization, in.

Inconel

1500
1200
1500
1200

0.009
0
0.010
0

INOR-8

Many additional tests are being performed with a variety of molten
fluoride salts to measure both penetration of the graphite and carburization
of INOR-8. The effects of carburization on the mechanical properties will
be determined.
13-9. MATERIALS FOR VALVE SEATS AND BEARING SURFACES
Nearly all metals, alloys, and hard-facing materials tend to undergo
solid-phase bonding when held together under pressure in molten fluoride
salts at temperatures above 1000°F. Such bonding tends to make the
startup of hydrodynamic bearings difficult or impossible, and it reduces
the chance of opening a valve that has been closed for any length of time.
Screening tests in a search for nonbonding materials that will stand up
under the molten salt environment have indicated that the most promising
materials are TiC-Ni and WC-Co types of cermets with nickel or cobalt
contents of less than 35 w /o, tungsten, and molybdenum. The tests, in
general, have been of less than 1000-hr duration, so the useful lives of these
materials have not yet been determined.
13-10. SUMMARY OF MATERIAL PROBLEMS
Although much experimental work remains to be done before the construction of a complete power reactor system can begin, it is apparent that
considerable progress has been achieved in solving the material problems
of the reactor core. A strong, stable, and corrosion-resistant alloy with
good welding and forming characteristics is available. Production techniques have been developed, and the alloy has been produced in commercial quantities by several alloy vendors. Finally, it appears that even
at the peak operating temperature, no serious effect on the alloy occurs
when the molten salt it contains is in direct contact with graphite.

CHAPTER 14
NUCLEAR ASPECTS OF MOLTEN-SALT REACTORS*

The ability of certain molten salts to dissolve uranium and thorium. salts
in quantities of reactor interest made possible the consideration of ftuidfueled reactors with thorium in the fuel, without the danger of nuclear accidents as a result of the settling of a slurry. This additional degree ,of
freedom has been exploited in the study of molten-salt reactors.
Mixtures of the fluorides of alkali metals and zirconium or beryllium, as
discussed in Chapter 12, possess the most desirable combination of low
neutron absorption, high solubility of uranium and thorium compounds,
chemical inertness at high temperatures, and thermal and radiation stability. The following comparison of the capture cross sections of the alkali
metals reveals that Li7 containing 0.01 % Li 6 has a cross section at 0.0795 ev
and 1150°F that is a factor of 4 lower than that of sodium, which also has
a relatively low cross section:
Element

Cross section, barns

Li7 (containing 0.01% Li6 )
Sodium
Potassium
Rubidium
Cesium

0.073
0.290
1.13
0.401

29

The capture cross section of beryllium is also satisfactorily low at all
neutron energies, and therefore mixtures of LiF and BeF2, which have
satisfactory melting points, viscosities, and solubilities for UF 4 and ThF 4,
were selected for investigation in the reactor physics study.
Mixtures of NaF, ZrF4, and UF4 were studied previously, and such a
fuel was successfully used in the Aircraft Reactor Experiment (see Chapters 12 and 16). Inconel was shown to be reasonably resistant to corrosion
by this mixture at· 1500°F, and there is reason to expect that Inconel
equipment would have a life of at least several years at 1200°F. As a fuel
for a central-station power reactor, however, the NaF-ZrF4 system has
several serious disadvantages. The sodium capture cross section is less
favorable than that of Li7. More important, recent data [1] indicate that
the capture cross section of zirconium is quite high in the epithermal and
intermediate neutron energy ranges. In comparison with the LiF-BeF2
system, the NaF-ZrF 4 system has inferior heat-transfer characteristics.
*By L. G. Alexander.
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Finally, the INOR alloys (see Chapter 13) show promise of being as resistant
to the beryllium salts as to the zirconium salts, and therefore there is no
compelling reason for selecting the NaF-ZrF4 system.
Reactor calculations were performed by means of the Univac* program
Ocusol [2], a modification of the Eyewash program [3], and the Oraclet
program Sorghum. Ocusol is a 31-group, multiregion, spherically symmetric, age-diffusion code. The gr<1up-averaged cross sections for the various
elements of interest that were used were based on the latest available data
[4]. Where data were lacking, reasonable interpolations based on resonance
theory were made. The estimated cross sections were made to agree with
measured resonance integrals where available. Saturation and Doppler
broadening of the resonances in thorium as a function of concentration
were estimated. Inelastic scattering in thorium and fluorine was taken
into account crudely by adjusting the value of ~u1; however, the Ocusol
code does not provide for group skipping or anisotropy of scattering.
Sorghum is a 31-group, two-region, zero-dimensional, burnout code.
The group-diffusion equations were integrated over the core to remove
the spatial dependency. The spectrum was computed, in terms of a
space-averaged group flux, from group scattering and leakage parameters
taken from an Ocusol calculation. A critical calculation requires about
1 min on the Oracle; changes in concentration of 14 elements during a
specified time can then be computed in about 1 sec. The major assumption
involved is that the group scattering and leakage probabilities do not
change appreciably with changes in core composition as burnup progresses.
This assumption has been verified to a satisfactory degree of approximation.
The molten salts may be used as homogeneous moderators or simply as
fuel carriers in heterogeneous reactors. Although, as discussed below,
graphite-moderated heterogeneous reactors have certain potential advantages, their technical feasibility depends upon the compatibility of fuel,
graphite, and metal, which has not as yet been established. For this reason, the homogeneous reactors, although inferior in nuclear performance,
have been given greatest attention.
A preliminary study indicated that if the integrity of the core vessel
could be guaranteed, the nuclear economy of two-region reactors would
probably be superior to that of bare and reflected one-region reactors. The
two-region reactors were, accordingly, studied in detail. Although entrance
and exit conditions dictate other than a spherical shape, it was necessary,
for the calculations, to use a model comprising the following concentric
*Universal Automatic Computer at New York University, Institute of Mathematics.
tOak Ridge Automatic Computer and Logical Engine at Oak Ridge National
Laboratory.
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spherical regions: (1) the core, (2) an INOR-8 core vessel 1/3 in. thick,
(3) a blanket approximately 2 ft thick, and (4) an INOR-8 reactor vessel
2;3 in. thick. The diameter of the core and the concentration of thorium
in the core were selected as independent variables. The primary dependent
variables were the critical concentration of the fuel (U 235 , U 233, or Pu 239),
and the distribution of the neutron absorptions among the various atomic
species in the reactor. From these, the critical mass, critical inventory,
regeneration ratio, burnup rate, etc. can be readily calculated, as described
in the following section.
14-1. HOMOGENEOUS REACTORS FUELED WITH U 235
While the isotope U 233 would be a superior fuel in molten fluoride-salt
reactors (see Section 14-2), it is unfortunately not available in quantity.
Any realistic appraisal of the immediate capabilities of these reactors must
be based on the use of U 235.
The study of homogeneous reactors was divided into two phases: (1) the
mapping of the nuclear characteristics of the initial (i.e., "clean") states
as a function of core diameter and thorium concentration, and (2) the
analysis of the subsequent performance of selected initial states with
various processing schemes and rates. The detailed results of these studies
are given in the following paragraphs. Briefly, it was found that regeneration ratios of up to 0.65 can be obtained with moderate investment in U 235
(less than 1000 kg) and that, if the fission products are removed (Article
14-1.2) at a rate such that the equilibrium inventory is equal to one year's
production, the regeneration ratio can be maintained above 0.5 for at
least 20 years.
14-1.1 Initial states. A complete parametric study of molten fluoridesalt reactors having diameters in the range of 4 to 10 ft and thorium concentrations in the fuel ranging from 0 to 1 mole 3 ThF 4 was performed.
In these reactors, the basic fuel salt (fuel salt No. 1) was a mixture of
31 mole 3 BeF2 and 69 mole 3 LiF, which has a density of about 2.0 g/cc
at 1150°F. The core vessel was composed of INOR-8. The blanket fluid
(blanket salt No. 1) was a mixture of 25 mole 3 ThF 4 and 75 mole 3 LiF,
which has a density of about 4.3 g/cc at 1150°F. In order to shorten the
calculations in this series, the reactor vessel was neglected, since the resultant error was small. These reactors contained no fission products or
nonfissionable isotopes of uranium other than U238.
A summary of the results is presented in Table 14-1, in which the neutron
balance is presented in terms of neutrons absorbed in a given element per
neutron absorbed in U 235 (both by fission and the n--y reaction). The
sum of the absorptions is therefore equal to ri, the number of neutrons
produced by fission per neutron absorbed in fuel. Further, the sum of the
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Fro. 14-1. Initial critical concentration oi U23 5 in two-region, homogeneous,
molten fluoride-salt reactors.
absorptions in U 238 and thorium in the fuel, and in thorium in the blanket
salt gives directly the regeneration ratio. The losses to other elements arc
penaltie~ imposed on the regeneration ratio by these poisons; i.e., if the core
vessel could be constructed of some material with a negligible cross section, the regeneration ratio could be increased by the amount listed for
capture in the core vessel.
The inventories in these reactors depend in part on the volume of the
fuel in the pipes, pumps, and heat exchangers in the external portion of
the fuel circuit. The inventories listed in Table 14-1 are for systems having
a volume of 339 ft 3 external to the core, which corresponds approximately
to a power level of 600 Mw of heat. In these calculations it was assumed
that the heat was transferred to an intermediate coolant composed of the
fluorides of Li, Be, and Na before being transferred to sodium metal. In
more recent designs (see Chapter 17), this intermediate salt loop has been
replaced by a sodium loop, and the external volumes are somewhat less
because of the improved equipment design and layout.
Critical concentration, mass, inventory, and regeneration ratio. The data
in Table 14-1 are more easily comprehended in the form of graphs, such as
Fig. 14-1, which presents the critical concentration in these reactors as a
function of core diameter and thorium concentration in the fuel salt. The
data points represent calculated values, and the lines are reasonable
interpolations. The maximum concentration calculated, about 35 X 1019

TABLE

14-1

INITIAL-STATE NUCLEAR CHARACTERISTICS OF Two-REGION, HoMOGENEous,
MOLTEN FLUORIDE-SALT REACTORS FUELED WITH U 235

Fuel salt No. 1: 31 mole 3 BeF2 + 69 mole 3 LiF + UF 4 + ThF 4 •
Blanket salt No. 1: 25 mole 3 ThF 4 + 75 mole 3 LiF.
Total power: 600 Mw (heat). External fuel volume: 339 ft 3.
Case number
Core diameter, ft
ThF 4 in fuel salt, mole 3
u2a5 in fuel salt, mole 3
U235 atom density*
Critical mass, kg of U235
Critical inventory, kg of u2a5
Neutron absorption ratiost
U235 (fissions)
u2a5 (n---')')
Be-Li-Fin fuel salt
Core vessel
Li-F in blanket salt
Leakage
U238 in fuel salt
Th in fuel salt
Th in blanket salt
Neutron yield, 7/
Median fission energy, ev
Thermal fissions, 3
n---')' capture-to-fission ratio, a
Regeneration ratio

1
4
0
0.952
33.8
124
1380

2
5
0
0.318
11.3
81.0
501

0.7023
0.2977
0.0551
0.0560
0.0128
0.0229
0.0430

0. 7185
0.2815
0.0871
0.0848
0.0138
0.0156
0.0426

0.5448
1. 73
270
0.052
0.42
0.59

0.5309
1. 77
15.7
6.2
0.39
0.57

3
5
0.25
0.561
20.1
144
891
0.7004
0.2996
0.0657
0.0577
0.0108
0.0147
0.0463
0.0832
0.4516
1. 73
105
0.87
0.43
0.58

4

5

6

5
0.5
0.721
25.6
183
1130

5
0.75
0.845
30.0
215
1330

5
1
0.938
33.3
239
1480

0.6996
0.3004
0.0604
0.0485
0.0098
0.0143
0.0451
0.1289
0.4211
1. 73
158
0.22
0.43
0.60

0.7015
0.2985
0.0581
0.0436
0.0093
0.0141
0.0431
0.1614
0.4031
1. 73
270
0.87
0.43
0.61

0.7041
0.2959
0.0568
0.0402
0.0090
0.0140
0.0412
0.1873
0.3905
1. 74
425
0.040
0.4203
0.62

7
6
0
0.107
3.80
47.0
188
0.7771
0.2229
0.1981
0.1353
0.0164
0.0137
0.0245
0.5312
1. 92
0.18
35
0.28
0.56

continued
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TABLE

Case number
Core diameter, ft
ThF 4 in fuel salt, mole 3
u2a5 in fuel salt, mole 3
u2a5 atom density*
Critical mass, kg of u2as
Critical inventory, kg of u2as
Neutron absorption ratiost
U 23 5 (fissions)
u2a5 (n--'Y)
Be-Li-F in fuel salt
Core vessel
Li-F in blanket salt
Leakage
u2as in fuel salt
Th in fuel salt
Th in blanket salt
Neutron yield, ri
Median fission energy, ev
Thermal fissions, 3
n--'Y capture-to-fission ratio, a
Regeneration ratio
*Atoms (X 10- 19 )/cc.

14-1 (continued)

8

9

10

11

12

13

14

6
0.25
0.229
8.13
101
404

6
0.5
0.408
14.5
179
716

6
0.75
0.552
19.6
243
972

6
1
0.662
23.5
291
1160

7
0.25
0.114
4.05
79.6
230

8
0
0.047
1.66
48.7
110

8
0.25
0.078
2.77
81.3
184

0.7343
0.2657
0.1082
0.0795
0. 0116
0.0129
0.0375
0.1321
0.4318
1.82
5.6
13
0.36
0.61

0.7082
0.2918
0.0770
0.0542
0.0091
0.0122
0.0477
0.1841
0.3683
1. 75
38
3
0.41
0.60

0.7000
0.3000
0.0669
0.0435
0.0081
0.0119
0.0467
0.2142
0.3378
1. 73
100
0.56
0.42
0.60

0.7004
0.2996
0.0631
0.0388
0.0074
0. 0116
0.0452
0.2438
0.3202
1. 73
120
0.48
0.42
0.61

tNeutrons absorbed per neutron absorped in u2as.

0.7748
0.2252
0.1880
0.0951
0.0123
0.0068
0.0254
0. 1761
0.4098
1. 91
0.16
33
0.29
0.61

0.8007
0.1993
0.4130
0. 1491
0.0143
0.0084
0.0143
0.4073
2.00
Thermal

59
0.25
0.42

0.7930
0.2070
0.2616
0.1032
0. 0112
0.0082
0.0196
0.2045
0.3503
1. 96
0.10
45
0.26
0.57
continued

TABLE

Case number
Core diameter, ft
ThF 4 in fuel salt, mole 3
U235 in fuel salt, mole 3
U235 atom density*
Critical mass, kg of u2as
Critical inventory, kg of u2as
Neutron absorption ratiost
U235 (fissions)
u2as (n--'}')
Be-Li-Fin fuel salt
Core vessel
Li-F in blanket salt
Leakage
U 238 in fuel salt
Th in fuel salt
Th in blanket salt
Neutron yield, 71
Median fission energy, ev
Thermal fissions, 3
n--'}' capture-to-fission ratio, a
Regeneration ratio
*Atoms (x 10- 19)/cc.

14-1 (continued)

15

16

17

8
0.5
0.132
4.67
137
310

8
0.75
0.226
8.03
236
535

8
1
0.349
12.4
364
824

0.7671
0.2329
0.1682
0.0722
0.0089
0.0080
0.0272
0.3048
0.3056
1.89
0.17
29
0.30
0.64

0.7362
0.2638
0.1107
0.0500
0.0071
0.0077
0.0368
0.3397
0.2664
1.82
5.3
13
0.36
0.64

0. 7146
0.2854
0.0846
0.0373
0.0057
0.0074
0.0428
0.3515
0.2356
1. 76
27
5
0.40
0.63

18

19

20

21

22

0
0.033
1.175
67.3
111

10
0.25
0.052
1.86
107
176

10
0.5
0.081
2.88
165
272

10
0.75
0.127
4.50
258
425

10
1
0.205
7.28
417
687

10

0.8229
0.1771
0.5713
0 .1291
0.0114
0.0061
0.0120
0.3031
2.03

0.7428
0.2572
0.3726
0.0915
0.0089
0.0060
0.0153
0.2409
0.2617
2.00

Thermal

Thermal

66
0.21
0.32

56
0.24
0.52

0.7902
0.2098
0.2486
0.0669
0.0073
0.0059
0.0209
0.3691
0.2332
1. 95
0.100
43
0.26
0.62

0.7693
0.2307
0.1735
0.0497
0.0060
0.0057
0.0266
0.4324
0.2063
1.90
0.156
30
0.30
0.67

0.7428
0.2572
0.1206
0.0363
0.0049
0.0055
0.0343
0.4506
0.1825
1.83
1.36
16
0.35
0.67

tNeutrons absorbed per neutron absorbed in U235 •
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F10. 14-2. Initial critical masses of U235 in two-region, homogeneous, molten
fluoride-salt reactors.

atoms of U 235 per cubic centimeter of fuel salt, or about 1 mole % UF 4, is
an order of magnitude smaller than the maximum permissible concentration (about 10 mole%).
The corresponding critical masses are graphed in Fig. 14-2. As may be
seen, the critical mass is a rather complex function of the diameter and the
thorium concentration. The calculated points are shown here also, and the
solid lines represent, it is felt, reliable interpolations. The dashed lines
were drawn where insufficient numbers of points were calculated to define
the curves precisely; however, they are thought to be qualitatively correct.
Since reactors having diameters less than 6 ft are not economically attractive, only one case with a 4-ft-diameter core was computed.
The critical masses obtained in this study ranged from 40 to 400 kg of
U 23 5. However, the critical inventory in the entire fuel circuit is of more
interest to the reactor designer than is the critical mass. The critical inventories corresponding to an external fuel volume of 339 ft 3 are therefore
shown in Fig. 14-3. Inventories for other external volumes may be computed from the relation

where D is the core diameter in feet, M is the critical mass taken from
Fig. 14-2, V. is the volume of the external system in cubic feet, and I is
the inventory in kilograms of U 235 . The inventories plotted in Fig. 14-3

63-1

NUCLEAR ASPECTS OF MOLTEN-SALT REACTORS

[CHAP.

14

1000

"'"'
N

:::>

0

.f2

i!-0

500

c
&

>

.:

]
~

200

100
4

2

8

6

10

Core Diameter, h

FIG. 14-3. Initial critical inventories of U 235 in two-region, homogeneous, molten
fluoride-salt reactors. External fuel v6lume, 339 ft 3 •

Numbers On Doto Points
Are Core Diameters In Feet

0.7

10

) mole % ThF 4 In Fuel Solt

(1), 10

r'---8 ·~
!'"•--....;__ (0~~ l ---~5

98

.!!

~c

(

6

6

---·
r.....~i--=::::::.-_-::-:--8• 6
·7

0.6

Y-.
I

.!!

2.

.
c

7e

• 6

•-s-10.25) • 6

- - N o ThF4 In Fuel Solt

I •10

"' 0.5

:

Bi

I

9•
0.4

10•

0.3'-~~---''--~~--'~~~-'-~~~-'-~~~-'-~~--'

0

200

400

600

800

1000

1200

Critical Inventory, kg u235

FIG. 14-4. Initial fuel regeneration in two-region, homogeneous, molten fluoridesalt reactors fueled with U 235 • Total power, 600 Mw (heat); external fuel volume,
339 ft 3 ; core and blanket salts No. 1.

14-1]

HOMOGENEOUS REACTORS FUELED WITH u235

0.8

635

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

( I mole % ThF4 In Fuel Salt

.- - -

0.7

lO
9 /(o.751
/.(0.50)

.2
1i

~ 0.6

11(?)

-·-

<n

1(0.25)

.,:

2
~

c

7•

~

"'

: 0.5

'No ThF 4 In Fuel Salt

Numbers On Data Points

0.4

Are Core Diameters In Feet

0.3 '-----~---'------'-----'

0

200

400

600

800

Critical Inventory, kg of u23S
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range from slightly above 100 kg in an 8-ft-diameter core with no thorium
present to 1500 kg in a 5-ft-diameter core with 1 mole % ThF 4 present.
The optimum combination of core diameter and thorium concentration
is, qualitatively, that which minimizes the sum of inventory charges (including charges on Li 7 , Be, and Th) and fuel reprocessing costs. The fuel
costs are directly related to the regeneration ratio, and this varies in a
complex manner with inventory of U 235 and thorium concentration, as
shown in Fig. 14-4. It may be seen that at a given thorium concentration,
the regeneration ratio (with one exception) passes through a maximum as
the core diameter is varied between 5 and 10 ft. These maxima increase
with increasing thorium concentration, but the inventory values at which
they occur also increase.
Plotting the maximum regeneration ratio versus critical inventory
generates the curve shown in Fig. 14-5. It may be seen that a small investment in U 235 (200 kg) will give a regeneration ratio of 0.58, that 400 kg
will give a ratio of 0.66, and that further increases in fuel inventory have
little effect.
The effects of changes in the compositions of the fuel and blanket salts
are indicated in the following description of the results of a series of calculations for which salts with more favorable melting points and viscosities
were assumed. The BeF 2 content was raised to 37 mole % in the fuel salt

636
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FIG. 14-6. Initial critical inventories of U 235 in two-region, homogeneous, molten
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(fuel salt No. 2), and the blanket composition (blanket salt No. 2) was
fixed at 13 mole 3 ThF 4, 16 mole % BeF 2 , and 71 mole 3 LiF. Blanket
salt No. 2 is a somewhat better reflector than No. 1, and fuel salt No. 2 a
somewhat better moderator. As a result, at a given core diameter and
thorium concentration in the fuel salt, both the critical concentration and
the regeneration ratio are somewhat lower for the No. 2 salts.
Reservations concerning the feasibility of constructing and guaranteeing
the integrity of core vessels in large sizes (10 ft and over), together with
preliminary consideration of inventory charges for large systems, led to
the conclusion that a feasible reactor would probably have a core diameter
lying in the range between 6 and 8 ft. Accordingly, a parametric study in
this range with the No. 2 fuel and blanket salts was performed. In this
study the presence of an outer reactor vessel consisting of 2/3 in. of
INOR-8 was taken into account. The results are presented in Table 14-2
and Figs. 14-6 and 14-7. In general, the nuclear performance is somewhat
better with the No. 2 salt than with the No. 1 salt.
Neutron balances and miscellaneous details. The distributions of the
neutron captures are given in Tables 14-1 and 14-2, where the relative
hardness of the neutron spectrum is indicated by the median fission energies
and the percentages of thermal fissions. It may be seen that losses to Li,
Be, and F in the fuel salt and to the core vessel are substantial, especially
in the more thermal reactors (e.g., Case No. 18). However, in the thermal
reactors, losses by radiative capture in U 235 are relatively low. Increasing
the hardness decreases losses to salt and core vessel sharply (Case No. 5),
but increases the loss to the n--y reaction. It is these opposing trends
which account for the complicated relation between regeneration ratio and
critical inventory exhibited in Figs. 14-4 and 14-7. The numbers given
for capture in the Li and F in the blanket show that these elements are well
shielded by the thorium in the blanket, and the leakage values show that
leakage from the reactor is less than 0.01 neutron per neutron absorbed in
U 235 in reactors over 6 ft in diameter. The blanket contributes substantially to the regeneration of fuel, accounting for not less than one-third
of the total even in the 10-ft-diameter core containing 1 mole 3 ThF 4.
Effect of substitution of sodium for Li 7 • In the event that LF should prove
not to be available in quantity, it would be possible to operate the reactor
with mixtures of sodium and beryllium fluorides as the basic fuel salt. The
penalty imposed by sodium in terms of critical inventory and regeneration
ratio is shown in Fig. 14-8, where typical Na-Be systems are compared
with the corresponding Li-Be systems. With no thorium in the core, the
use of sodium increases the critical inventory by a factor of 1.5 (to about
300 kg) and lowers the regeneration ratio by a factor of 2. The regeneration
penalty is less severe, percentagewise, with 1 mole 3 ThF 4 in the fuel
salt; in an 8-ft-diameter core, the inventory rises from 800 kg to 1100 kg

TABLE

14-2

INITIAL-STATE NUCLEAR CHARACTERISTICS OF Two-REGION, HOMOGENEOUS,
MOLTEN FLUORIDE-SALT REACTORS FUELED WITH U 235

Fuel salt No. 2: 37 mole 3 BeF2 + 63 mole 3 LiF + UF 4 + ThF4.
Blanket salt No. 2: 13 mole 3 ThF4 + 16 mole 3 BeF2 + 71 mole 3 LiF.
Total power: 600 Mw (heat). External fuel volume: 339 ft 3 •
Case number
Core diameter, ft
ThF 4 in fuel salt, mole 3
u 2as in fuel salt, mole 3
U 235 atom density*
Critical mass, kg of u2as
Critical inventory, kg of u 2a5
Neutron absorption ratios t
U 235 (fissions)
u2as (n-'Y)
Be-Li-F in fuel salt
Core vessel
Li-Fin blanket salt
Outer vessel
Leakage
U 238 in fuel salt
Th in fuel salt
Th in blanket salt
Neutron yield, 71
Median fission energy, ev
Thermal fissions, 3
n-'Y capture-to-fission ratio, a
Regeneration ratio

23
6

0.25
0.169
5.87
72.7
291
0.7516
0.2484
0.1307
0.1098
0.0214
0.0024
0.0070
0.0325
0.1360
0.416!5
1.86
0.480
21
0.33
0.59

24

25

26

27

6
0.5
0.310
10.91
135
540

6
0.75
0.423
15.95
198
790

6
1
0.580
20.49
254
1010

7
0.25
0.084
3.13
61. 5
178

0.7174
0.2826
0.0900
0.0726
0.0159
0.0021
0.0065
0.0426
0.1902
0.3~21

1. 77
10.47
7
0.39
0.58

0.7044
0.2956
0.0763
0.0575
0.0132
0.0021
0.0064
0.0452
0.2212
0.3178
1. 74
58.10
2.8
0.42
0.58

0.6958
0.3042
0.0692
0.0473
0.0117
0.0019
0.0061
0.0477
0.2387
0.2962
1. 72
76.1
0.84
0.44
0.58

0.7888
0. 2112
0.2147
0.1328
0.0215
0.0019
0.0052
0.0214
0.1739
0.3770
1. 95
0.1223
43
0.37
0.57

I

28
7
0.5
0.155
5.38
106
306
0.7572
0.2428
0.1397
0.0905
0.0167
0.0018
0.0050
0.0307
0.2565
0.3294
1.87
0.415
24
0.32
0.62
continued

TABLE
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29

30

31

32

33

34

7
0.75
0.254
8.70
171
494

7
1
0.366
13.79
271
783

8
0.25
0.064
2.24
65.7
149

8
0.5
0.099
3.51
103
233

8
0.75
0.163
5.62
165
374

8
1
0.254
9.09
267
604

Case number
Core diameter, ft
ThF 4 in fuel salt, mole %
u235 in fuel salt, mole %
u235 atom density*
Critical mass, kg of u235
Critical inventory, kg of U23 5
Neutron absorption ratiost
U235 (fissions)
u235 (n-')')
Be-Li-F in fuel salt
Core vessel
Li-F in blanket salt
Outer vessel
Leakage
U238 in fuel salt
Th in fuel salt
Th in blanket salt
Neutron yield, T/
Median fission energy, ev
Thermal fissions, %
n--')' capture-to-fission ratio, a
Regeneration ratio
*Atoms (X 10- 19 )/cc.

0.7282
0.2718
0 .1010
0.0644
0.0131
0.0016
0.0048
0.0392
0.2880
0.2866
1.80
7.61
11

0.37
0.61

0.7094
0.2906
0.0824
0.0497
0.0108
0.0015
0.0045
0.0447
0.3022
0.2566
1. 75
25.65
4.3
0.41
0.60

0.8014
0.1986
0.2769
0.1308
0.0198
0.0017
0.0045
0.0177
0.1978
0.3240
1.97
51% thermal
51
0.25
0.54

0.7814
0.2186
0.1945
0.0967
0. 0162
0.0016
0.0043
0.0233
0.3043
0.2892
1. 93
0.136
38
0.28
0.62

0.7536
0.2464
0.1354
0.0696
0.0130
0.0014
0.0042
0.0315
0.3501
0.2561
1.86
0.518
23
0.33
0.64

0.7288
0.2712
0.1016
0.0518
0.0105
0. 0013
0.0040
0.0392
0.3637
0.2280
1.80
7.75
11

tNeutrons absorbed per neutron absorbed in U23 5,

0.37
0.63
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FtG. 14-8. Comparison of regeneration ratio and critical inventory in two-region,
homogeneous, molten fluoride-salt reactors fueled with U235 . Fuel salt A: 37 mole
% BeF2 plus 63 mole% Li7 F. Fuel salt B: 46 mole% BeF2 plus 54 mole% NaF.

and the regeneration ratio falls from 0.62 to 0.50. Details of the neutron
balances are given in Table 14-3.
Reactivity coefficients. By means of a series of calculations in which the
thermal base, the core radius, and the density of the fuel salt are varied
independently, the components of the temperature coefficient of reactivity
of a reactor can be estimated as illustrated below for a core 8 ft in diameter and a thorium concentration of 0. 75 mole % in the fuel salt at 1150°F.
From the expression
k = f(T, p, R),

where k is the multiplication constant, T is the mean temperature in the
core, p is the mean density of the fuel salt in the core, and R is the core
radius, it follows that
1 dk _ l (iJk)
kdT-k iJT p,R

+ 1 (iJk)

dR
k iJR p,rdT

+ l(iJk)

dp
k iJp R,rdT'

(14-1)

where the term (l/k)(iJk/iJT)p, R represents the fractional change in k due
to a change in the thermal base for slowing down of neutrons, the term
(l/k)(iJkjdp)R, T represents the change due to expulsion of fuel from the
core by thermal expansion of the fluid, and the term (l/k)(iJk/iJR)p, T
represents the change due to an increase in core volume and fuel holding

TABLE

14-3

INITIAL NUCLEAR CHARACTERISTICS OF Two-REGION, HOMOGENEOUS,
U 23 5

MOLTEN SODIUM-BERYLLIUM FLUORIDE REACTORS FUELED WITH

Fuel salt: 53 mole 3 N aF + 46 mole 3 BeF 2 + 1 mole 3 (ThF 4 + UF 4).
Blanket salt: 58 mole 3 NaF + 35 mole 3 BeF2 + 7 mole% ThF4.
Total power: 600 Mw (heat). External fuel volume: 339 ft 3 •
Case number
Core diameter, ft
ThF 4 in fuel salt, mole 3
u2as in fuel salt, mole 3
u2as atom density*
Critical mass, kg of u2as
Critical inventory, kg of u2as
Neutron absorption ratiost
U 235 (fissions)
u2as (n---'Y)
Na-Be-Fin fuel salt
Core vessel
Na-Be-Fin blanket salt
Leakage
U238 in fuel salt
Th in fuel salt
Th in blanket salt
Neutron yield, 7J
Median fission energy, ev
Thermal fissions, 3
n---')' capture-to-fission ratio, a
Regeneration ratio
*Atoms (X 10- 19 )/cc.

35
6
0
0.174
6.17
76.4
306
0.7417
0.2583
0.2731
0.1181
0.0821
0.0222
0.0360
0.3004
1.83
1.3
17
0.25
0.34

36
6
1
0.7014
24.9
308
1230
0.6986
0.3014
0.1153
0.0476
0.0431
0.0182
0.0477
0.2418
0.2120
1. 73
190
0.42
0.43
0.50

37
8
0
0.091
3.24
95.1
215
0.7737
0.2263
0.4755
0.1125
0.0660
0.0145
0.0263
0.2163
1. 91
0.20
34
0.29
0.24

38
8
1
0.465
16.5
484
1100
0. 7011
0.2989
0.1411
0.0392
0.0315
0.0116
0.0484
0.3150
0.1450
1. 73
36
1.4
0.43
0.51

39
10

0
0.070
2.47
142
234

40
10
1
0.282
124.0
710
1170

0.7862
0.2138
0.6119
0.0917
0.0495
0.0105
0.0232
0.1550
1.94
0.087
4.1
0.27
0.18

tNeutrons absorbed per neutron absorbed in u2as.

0.7081
0.2919
0.2306
0.2306
0.2306
0.2306
0.0467
0.3670
0.1048
1. 75
0.41
0.52
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capacity. The coefficient dR/dT may be related to the coefficient for linear
expansion, a, of INOR-8, viz:

dR
dT=Ra.
Likewise the term dp/dT may be related to the coefficient of cubical expansion, {3, of the fuel salt:

dp
dT=-pf3.
From the nuclear calculations, the components of the temperature coefficient were estimated, as follows:

~(~;)p,R = -(0.13 ± 0.02) x

10-5/°F,

kR(iJk)
iJR p, T = + 0.412 ± 0.0005,

a

kp(dk)
= -0.405 ± 0.0005.
p R,T
The linear coefficient of expansion, a, of INOR-8 was estimated to be
(8.0 ± 0.5) X 10- 6 /°F [5], and the coefficient of cubical expansion, {3, of
the fuel was estimated to be (9.889 ± 0.005) X 10- 5;°F from a correlation
of the density given by Powers [6]. Substitution of these values in
Eq. (14-1) gives

~ ~; = -(3.80 ± 0.04) x

10- 5 /°F

for the temperature coefficient of reactivity of the fuel. In this calculation,
the effects of changes with temperature in Doppler broadening and saturation of the resonances in Th and U 235 were not taken into account. Since
the effective widths of the resonances would be increased at higher temperatures, the thorium would contribute a reactivity decrease and the
U 235 an increase. These effects are thought to be small, and they tend to
cancel each other.

14-1]
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Additional coefficients of interest are those for U 235 and thorium. For
the 8-ft-diameter cores,
N(U 235 ) (
k

iJk
)
= 1 + [0.17Nc(U235 ) x 10- 19]
235
iJN\U ) N(Th)
2.47Nc(U 235 ) X 10- 19

and
N(Th) ( iJk )
_ N(Th) (
()k
)
dNc(U235)
- k - ()N(Th) N(U235)- - k - ,iJN(U235 ) N(Th) dN(Th) '
where
dNc(U235)
dN(Th)

= 0 0805
.

o.0595N(Th) x 10-1•
e
.

In these equations, N(U 235 ) represents the atomic density of U 235 in atoms

per cubic centimeter, Nc(U 235 ) is the critical density of U 235 , and N(Th)
is the density of thorium atoms.
Heat release in core vessel and blanket. The core vessel of a molten-salt
reactor is heated by gamma radiation emanating from the core and blanket
and from within the core vessel itself. Estimates of the gamma heating can
be obtained by detailed analyses of the type illustrated by Alexander and
Mann [7]. The gamma-ray heating in the core vessel of a reactor with an
8-ft-diameter core and 0.5 mole 3 ThF 4 in the fuel salt has been estimated
to be the following:

Source

Heat release rate, w/cm3

Radioactive decay in core
Fission, n-')' capture, and inelastic
scattering in core
n-')' capture in core vessel
n-')' capture in blanket

1.4
5.2
4.5
0.3

Total

11.4

Estimates of gamma-ray source strengths can be used to provide a crude
estimate of the gamma-ray current entering the blanket. For the 8-ftdiameter core, the core contributes 45.3 w of gamma energy per square
centimeter to the blanket, and the core vessel contributes 6.8 w/cm 2, which,
multiplied by the surface area of the core vessel, gives a total energy
escape into the blanket of 9.7 Mw. Some of this energy will be reflected
into the core, of course, and some will escape from the reactor vessel, and
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therefore the value of 9.7 Mw is an upper limit. To this may be added the
heat released by capture of neutrons in the blanket. From the Oettsol-A
calculation for the 8-ft-d:iameter core and a fuel salt containing 0.5 mole %
ThF 4 it was found that 0.176 of the neutrons would be captured in the
blanket. If an energy release of 7 Mev/capture is assumed, the heat release
at a power level of 600 Mw (heat) is estimated to be 8.6 Mw. The total is
thus 18.3 Mw or, say, 20± 5 Mw, to allow for errors.
No allowance was made for fissions in the blanket. These would add 6
Mw for each 1% of the fissions occurring in the blanket. Thus it appears
that the heat release rate in the blanket might range up to 50 Mw.
14-1.2 Intermediate states. Without reprocessing of fuel saJ,t. The nuclear performance of a homogeneous molten-salt reactor changes during
operation at power because of the accumulation of fission products and
nonfissionable isotopes of uranium. It is necessary to add U 235 to the fuel
salt to overcome these poisons and, as a result, the neutron spectrum is
hardened and the regeneration ratio decreases because of the accompanying
decrease in 17 for U 235 and the increased competition for neutrons by the
poisons relative to thorium. The accumulation of the superior fuel U 233
compensates for these effects only in part. The decline in the regeneration
ratio and the increase in the critical inventory during the first year of
operation of three reactors having 8-ft-diameter cores charged, respectively,
with 0.25, 0.75, and 1 mole% ThF4 are illustrated in Fig. 14-9. The critical inventory increases by about 300 kg, and the regeneration ratio falls
about 16%. The gross burnup of fuel in the reactor charged with 1 mole%
ThF 4 and operated at 600 Mw with a load factor of 0.80% amounts to
about 0.73 kg/day. The U 235 burnup falls from this value as U 233 assumes
part of the load. During the first month of operation, the U 235 bumup
averages 0.69 kg/day. Overcoming the poisons requires 1.53 kg more and
brings the feed rate to 2.22 kg/day. The initial rate is high because of the
holdup of bred fuel in the form of Pa 233 • As the concentration of this isotope approaches equilibrium, the U 235 feed rate falls rapidly. At the end
of the first year the burnup rate has fallen to 0.62 kg/day and the feed rate
to 1.28 kg/day. At this time U 233 contributes about 12% of the fissions.
The reactor contains 893 kg of U 235, 70 kg of U 233 , 7 kg of Pu 239, 62 kg
of U 236, and 181 kg of fission products. The U 236 and the fission products
capture 1.8 and 3.8% of all neutrons and impair the regeneration ratio
by 0.10 units. Details of the inventories and concentrations are given in
Table 14-4.
With reprocessing of fuel saJ,t. If the fission products were allowed to accumulate indefinitely, the fuel inventory would become prohibitively large
and the neutron economy would become very poor. However, if the fission
products are removed, as described in Chapter 12, at a rate such that the
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Fm. 14-9. Operating performance of two-region, homogeneous, molten flqoridesalt reactors fueled with U 235 • Core diameter, 8 ft; total power, 600 Mw (heat);
load factor, 0.80.

equilibrium inventory is, for example, equal to the first year's production,
then the increase in U 235 inventory and the decrease in regeneration ratio
are effectively arrested, as shown in Fig. 14-10. The fuel-addition rate
drops immediately from 1.28 to 0.73 kg/day when processing is started.
At the end of two years, the addition rate is down to 0.50 kg/day, and it
continues to decline slowly to 0.39 kg/day after 20 years of operation.
The nonfissionable isotopes of uranium continue to accumulate, of course,
but these are nearly compensated by the ingrowth of U 233 • As shown in
Fig. 14-10, the inventory of U 235 actually decreases for several years in a
typical case, and then increases only moderately during a lifetime of
20 years.
The rapid increase in critical inventory of U 235 during the first year can
be avoided by partial withdraw! of thorium. In Fig. 14-10 the dashed
lines indicate the course of events when thorium is removed at the rate of
1/900 per day. Burnup reduces the thorium concentration by another
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Frn. 14-10. Long-term nuclear performance of typical two-region, homogeneous,
molten fluoride-salt reactors fueled with U235 • Core diameter, 8 ft; total power,
600 Mw (heat); load factor, O.~O.

1/4300 per day. The U 235 inventory rises to 826 kg and then falls, at the
end of eight months, to 587 kg. At this time, the processing rate is increased to 1/240 per day (eight-month cycle), but the thorium is returned
to the core and the thorium concentration falls thereafter only by burnup.
It may be seen that the U 235 inventory creeps up slowly and that the regeneration ratio falls slowly. The increase in U 235 inventory could have
been prevented by withdrawing thorium at a small rate; however, the regeneration ratio would have fallen somewhat more rapidly, and more U 235
feed would have been required to compensate for burnup.
14--2.
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U 2 3.3

Uranium-233 is a superior fuel for use in molten fluoride-salt reactors in
almost every respect. The fission cross section in the intermediate range of
neutron energies is greater than the fission cross sections of U 2 35 and
Pu 239 • Thus initial critical inventories are less, and less additional fuel is
required to override poisons. Also, the parasitic cross section is substantially less, and fewer neutrons are lost to radiative capture. Further,
the radiative captures result in the immediate formation of a fertile iso-

TABLE

14-4

NucLEAR PERFORMANCE OF A Two-REGION, HoMOGENEous,
MOLTEN FLUORIDE-SALT REACTOR FUELED WITH U 23 5
AND CONTAINING 1 MOLE
Core diameter: 8 ft.
External fuel volume: 339 ft 3.

3

THF 4 IN THE FUEL SALT

Total power: 600 Mw (heat).
Load factor: 0.8.
After 1 year

Initial state
Inventory,
kg
Core elements
Th2a2
Pa2aa
u2aa
u2a4
u2as
u2as
Np2a1
u2as
Pu239
Fission fragments
Li 7
Be9
F19
Blanket element
u2aa
Total fuel
u2as burnup rate, kg/day
u2as feed rate, kg/day
Regeneration ratio

2,100

604
45.3
3,920
3,008
24,000
604
0.69
2.22
0.64

Absorptions,

Fissions,

3

3

20.3

55.4
2.2
1. 9
0.6
3.2

100

Inventory,
kg

Absorptions,

Fissions,

3

3

2,100
8.2
61.0
1. 9
893
62.2
4.2
57.9
6.8
181
3,920
3,008
24,000

16.7
0.3
5.9
0.0
49.3
1.8
0.2
2.0
0.8
3.8
0.9
0.5
3.0

12.5
86.3

1.2

8.7
963
0.62
1. 28---0 . 73
0.53
continued

TABLE

14-4 (continued)

After 2 years

Core elements
Th2a2
Pa2aa
u2aa
u2a4
u2as
u2ae
Np2a1
u2as
Pu2a9
Fission fragments

Li7
Be9
FI9
Blanket element
u2aa
Total fuel
u 2a5 burnup rate, kg/day
u2as feed rate, kg/day
Regeneration ratio

After 5 years

Inventory,
kg

Absorptions,

Fissions,

3

3

2,100
7.9
110
6.5
863
115
0.8
69.7
12.0
181
3,920
3,008
24,000

16.3
0.2
9.7
0.1
44.3
3 .1
0.4
2.3
1.3
3.6
0.8
0.5
3.0

16
990
0.58
0.50
0.53

20.8
77.4

1.8

Inventory,
kg

Absorptions,

Fissions,

3

3

2,100
7.5
201
27.1
818
222
1.8
9.0
24.3
181
3,920
3,008
24,000

15.4
0.2
15.3
0.4
36.9
5.2
0.8
2.7
2.0
3.1
0.6
0.5
3.0

33.0
64.1

2.9

24
1,045
0.47
0.45
0.54
continued

TABLE

14-4 (continued)

After 10 years

Core elements
Th232
Pa233
u233
u234
u23s
u236
Np231
u23s
Pu230
Fission fragments
Li7
Be9
F10
Blanket element
u233
Total fuel
U235 burnup rate, kg/day
u23s feed rate, kg/day
Regeneration ratio

After 20 years

Inventory,
kg

Absorptions,

Fissions,

%

%

2,100
7.1
266
64.4
831
328
2.6

14.6
0.2
17.6
0.8
33.5
6.7
0.9
2.9
2.4
2.7
0.5
0.5
3.0

10.'8

37.3
181
3,920
3,008
24,000
28
1,129
0.41
0.44
0.533

38.3
58.2

3.5

Inventory,
kg

2,100
6.7
322
124
872
450
3.2
12.9
52.6
181
3,920
3,008
24,000
33
1,232
0.38
0.39
0.530

Absorptions,

Fissions,

%

%

13.7
0.2
18.8
1.4
31. 7
7.9
1.0
3.0
2.8
2.4
0.4
0.5
3.0

41.0
54.9

4.1
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tope, U 234 • The rate of accumulation of U 236 is orders of magnitude smaller
than with U 235 as a fuel, and buildup of Np 237 and Pu 239 is negligible.
The mean neutron energy is rather nearer to thermal in these reactors
than it is in the corresponding U 235 cases. Consequently, losses to core
vessel and to core salt tend to be higher. Both losses will be reduced substantially at higher thorium concentrations.
14-2.1 Initial states. Results from a parametric study of the nuclear
characteristics of two-region, homogeneous, molten fluoride-salt reactors
fueled with U 233 are given in Table 14-5. The core diameters considered
range from 3 to 10 ft, and the thorium concentrations range from 0.25 to 1
mole 3. Although the regeneration ratios are less than unity, they are very
good compared with those obtained with U 235 . With 1 mole 3 ThF 4 in
an 8-ft-diameter core, the U 233 inventory was only 196 kg, and the regeneration ratio was 0.91.
The regeneration ratios and fuel inventories of reactors of various diameters containing 0.25 mole 3 thorium and fueled with U 235 or U 233 are
compared in Fig. 14-11. The superiority of U 233 is obvious.

1.0-----------U233

.!!
~ 0.8
c

-~
!!

"'c

"' 0.6
g>
Ill:

r----u235

\

\

OA..__ _ _,___ _--'------'
0
200
400
600
Critical Inventory, kg of U

Frn. 14--11. Comparison of regeneration ratios in molten-salt reactors containing
0.25 mole % ThF 4 and U 235 - or U 233 -enriched fuel.

14-2.2 Intermediate states. Calculations of the long-term performance
of one reactor (Case 51, Table 14-5) with U 233 as the fuel are described
below. The core diameter used was 8 ft and the thorium concentration
was 0.75 mole 3. The changes in inventory of U 233 and regeneration ratio
are listed in Table 14-6. During the first year of operation, the inventory
rises from 129 to 199 kg, and the regeneration ratio falls from 0.82 to 0.71.
If the reprocessing required to hold the concentration of fission products

TABLE

14-5

NUCLEAR CHARACTERISTICS OF Two-REGION, HOMOGENEOUS,
2 aa
MOLTEN FLUORIDE-SALT REACTORS FUELED WITH

u

Core diameter: 8 ft.
External fuel volume: 339 ft 3 •
Case number
Fuel and blanket salts*
Core diameter, ft
ThF 4 in fuel salt, mole %
U233 in fuel salt, mole %
U233 atom densityt
Critical mass, kg of U233
Critical inventory, kg of U 233
Neutron absorption ratiosi
U 233 (fissions)
u233 (n--')')
Be-Li-Fin fuel salt
Core vessel
Li-Be-Fin blanket salt
Leakage
Th in fuel salt
Th in blanket salt
Neutron yield, TJ
Median fission energy, ev
Thermal fissions, %
n--')' capture-to-fission ratio, a
Regeneration ratio

Total power: 600 Mw (heat).
Load factor: 0.8.

41

42

43

44

45

46

1
3
0
0.592
21.0
64.9
1620

1
4
0
0.158
6.09
22.3
248

1
4
0.25
0.233
8.26
30.3
337

1
5
0
0.106
3.75
26.9
166

1
6
0.25
0.048
1.66
20.5
82.0

1
6
0.25
0.066
2.36
29.2
117

0.8754
0.1246
0.0639
0.0902
0.0233
0.0477

0.8706
0.1294
0.1061
0.1401
0.0234
0.0310

0.9722
2.20
174
0.053
0.14
0.97

0.8857
2.19
14
8.0
0.15
0.89

0.8665
0.1335
0.0860
0.1093
0.0203
0.0306
0.1095
0.8193
2.18
19
2.3
0.15
0.93

0.8725
0.1275
0.1472
0.1380
0.0196
0.0193
0.1593
0.7066
2.19
2.9
16
0.15
0.87

0.8814
0.1186
0.3180
0.1983
0.0215
0.0160
0.6586
2.21
0.33
38
0.13
0.66

0.8779
0.1221
0.2297
0.1508
0.0179
0.0157
0.1973
0.5922
2.20
1. 2
29
0.14
0.79
continued

TABLE

Case number
Fuel and blanket salts*
Core diameter, ft
ThF 4 in fuel salt, mole %
U 233 in fuel salt, mole %
U233 atom densityt
Critical mass, kg of u2aa
Critical inventory, kg of u2aa
Neutron absorption ratios!
U 233 (fissions)
u2aa (n---')')
Be-Li-F in fuel salt
Core vessel
Li-Be-Fin blanket salt
Leakage
Th in fuel salt
Th in blanket salt
Neutron yield, 71
Median fission energy, ev
Thermal fissions, %
n---')' capture-to-fission ratio, a
Regeneration ratio

47
1

8
0.25
0.039
1.40
41.1
93.1
0.8850
0.1150
0.3847
0.1406
0.0141
0.0095
0.2513
0.4211
2.22
0.20
43
0.13
0.67

14-5 (continued)
48
1

8
1

0.078
2.95
86.6
196
0.8755
0.1245
0.1899
0.0778
0.0095
0.0090
0.5768
0.3344
2.20
1.1
24
0.14
0.91

49
1

10
0.25
0.031
1.10
63.0
104
0.8881
0.1119
0.5037
0.1168
0.0108
0.0068
0.2852
0.3058
2.23
50%Th
50
0.13
0.59

50

51

1
10
1
0.063
2.29
131
216

2
8
0.75
0.0597
1. 97
58.8
129

0.8781
0.1219
0.2360
0.0629
0.0071
0.0065
0.6507
0.2408
2.20
3.2
30
0.14
0.89

0.8809
0.1191
0.2458
0.1168
0.0187
0.0050
0.4903
0.3325
2.21
0.68
34
0.14
0.82

*Fuel salt No. 1: 31 mole % BeF 2 + 69 mole % LiF + UF 4 + ThF 4
Blanket salt No. 1: 25 mole % ThF 4 + 75 mole % LiF
Fuel salt No. 2: 37 mole% BeF2 + 63 mole% LiF + UF 4 + ThF 4
Blanket salt No. 2: 13 mole% ThF 4 + 16 mole% BeF2 + 71 mole% LiF
tAtoms (X 10- 19 )/cc.
!Neutrons absorbed per absorption in u 2aa.

TABLE

14-6

NucLEAR PERFORMANCE OF A Two-REGION, HoMOGENEous,
MOLTEN FLUORIDE-SALT REACTOR FUELED WITH U 233 AND
CONTAINING

0.75

MOLE

3

THF4 IN THE FUEL SALT

Core diameter: 8 ft.
External fuel volume: 339 ft 3 .

Total power: 600 Mw (heat).
Load factor: 0.8.
After 1 year

Initial state
Inventory,
kg
Core elements
Th2a2
Pa2aa
u2aa
u2a4
u2as
u2a6
Np2a1
u2as
Pu2a9
Fission fragments
Li 6
Be9
FI9
Blanket element
u2aa
Total fuel
u2aa feed rate, kg/ day
Regeneration ratio

Absorptions,

Fissions,

%

%

1,572

22.2

129

45.2

3,920
3,004
24,000
129
0.790
0.82

6.5
0.8
4.0

100

Inventory,
kg

Absorptions,

Fissions,

%

%

1,572
9.4
199
23.3
1. 9
0.1

19.1
0.5
45.3
0.9
0.3
0.1

99.5

181
3,920
3,008
24,000

0.5

7.9
3.4
0.7
3.5

8.6
210
0. 370--0. 189
0. 71
continued

TABLE

14-6 (continued)

After 2 years

Core elements
Th2a2
Pa2aa
u2aa
u2a4
u2as
u2a6
Np2a1
u2as
Pu2ag
Fission fragments
Li 6
Be9
FI9
Blanket element
u2aa
Total fuel

U 233 feed rate, kg/day
Regeneration ratio

After 5 years

Inventory,
kg

Absorptions,

Fissions,

3

3

1,572
9.0
204
44.0
5.4
0.6
0.1

18.9
0.5
44.9
1. 7
0.8
0.3
0.1

181
3,920
3,008
24,000
10.7
220
0.188
0.72

7.7
3.3
0.6
3.4

98.5
1. 5

Inventory,
kg

Absorptions,

Fissions,

3

3

1,572
8.9
216
89
17.7
4.2
0.5
0.3

18.3
0.4
43.7
3.1
2.3
0.2
0.1

181
3,920
3,008
24,000

95.6
4.4

7.2
2.8
0.6
3.3

16.2
250
0.181
0.73
continued

TABLE

14-6 (continued)
After 20 years

After 10 years
Inventory,
kg
Core elements
Th2a2
Pa2aa
u2aa
u2a4
u2as
u2a6
Np2a1
u2as
Pu2a9
Fission fragments
Li 6
Be9
FI9
Blanket element
u2aa
T-0tal fuel
u2aa feed rate, kg/day
Regeneration ratio

1,572
8.6
231
132
32.5
12.5
1. 7
1. 7
0.2
181
3,920
3,008
24,000
22.2
282
0.171
0.73

Absorptions,

Fissions,

3

3

17.8
0.4
42.5
4.2
3.7
0.6
0.2
0.1
0.1
6.7
2.5
0.6
3.3

92.8
7.1

0.1

Inventory,
kg

1,572
8.4
247
172
47
24
3.4
5.1
0.8
181
3,920
3,008
24,000
31. 6
295
0.168
0.73

Absorptions,

Fissions,

3

3

17.2
0.4
41.5
5.0
4.8
1.1
0.3
0.3
0.3
6.3
2.1
0.6
3.3

90.5
9.0

0.5
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and Np 237 constant is begun at this time, the inventory of U 233 increases
slowly to 247 kg and the regeneration ratio rises slightly to 0.73 during the
next 19 years. This constitutes a substantial improvement over the performance with U 235 .
14-3. HOMOGENEOUS REACTORS FUELED WITH PLUTONIUM
It may be feasible to burn plutonium in molten fluoride-salt reactors.
The solubility of PuF3 in mixtures of LiF and BeF 2 is considerably less
than that of UF 4, but is reported to be over 0.2 mole % [8], which may be
sufficient for criticality even in the presence of fission fragments and nonfissionable isotopes of plutonium but probably limits severely the amount
of ThF 4 that can be added to the fuel salt. This limitation, coupled with
the condition that Pu 239 is an inferior fuel in intermediate reactors, will
result in a poor neutron economy in comparison with that of U 233-fueled
reactors. However, the advantages of handling plutonium in a fluid fuel
system may make the plutonium-fueled molten-salt reactor more desirable
than other possible plutonium-burning systems.
14-3.1 Initial states. Critical concentration, mass, inventory, and regeneration ratio. The results of calculations of a plutonium-fueled reactor
having a core diameter of 8 ft and no thorium in the fuel salt are described
below. The critical concentration was 0.013 mole % PuF3, which is an
order of magnitude smaller than the solubility limits in the fluoride salts
of interest. The critical mass was 13. 7 kg and the critical inventory in a
600-Mw system (339 ft 3 of external fuel volume) was only 31.2 kg.
The core was surrounded by the Li-Be-Th fluoride blanket mixture
No. 2 (13% ThF 4). Slightly more than 19% of all neutrons were captured
in the thorium to give a regeneration ratio of 0.35. By employing smaller
cores and larger investments in Pu 239 , however, it should be possible to
increase the regeneration ratio substantially.
Neutron balance and miscellaneous details. Details of the neutron economy
of a reactor fueled with plutonium are given in Table 14-7. Parasitic captures in Pu 239 are relatively high; 17 is 1.84, compared with a v of 2.9. The
neutron spectrum is relatively soft; almost 60% of all fissions are caused
by thermal neutrons and, as a result, absorptions in lithium are high.
14-3.2 Intermediate states. On the basis of the average value of a of
Pu 239 , it is estimated that Pu 240 will accumulate in the system until it captures, at equilibrium, about half as many neutrons as Pu 239 . While these
captures are not wholly parasitic, inasmuch as the product, Pu241, is
fissionable, the added competition for neutrons will necessitate an increase
in the concentration of the Pu239 . Likewise, the ingrowth of fission products
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will necessitate the addition of more Pu 239 . Further, the rare earths among
the fission products may exert a common-ion influence on the plutonium
and reduce its solubility. On the credit side, however, is the U 233 produced
in the blanket. If this is added to the core it may compensate for the ingrowth of Pu 240 and reduce the Pu 239 requirement to below the solubility
limit, and it may be possible to operate indefinitely, as with the U235fueled reactors.

14-4. HETEROGENEOUS GRAPHITE-MODERATED REACTORS
The use of a moderator in a heterogeneous lattice with molten-salt
fuels is potentially advantageous. First, the approach to a thermal neutron
spectrum improves the neutron yield, T/, attainable, especially with U 235
TABLE 14-7
INITIAL-STATE NUCLEAR CHARACTERISTICS OF A
TYPICAL MOLTEN FLUORIDE-SALT REACTOR
FUELED WITH Pu239
C:ore diaineter:
External fuel voluine:
Total power:
Load factor:
C:ritical inventory:
C:ritical concentration:

8 ft.

339 ft 3 •
600 Mw (heat).
0.8.
31.2 kg of Pu 239 .
0.013 Inole 3 Pu 239 .
Neutrons absorbed per
neutrons absorbed in Pu239

Neutron absorbers
Pu 239 (fissions)
Pu239 (n-'Y)
Li 6 and Li7 in fuel salt
Be9 in fuel salt
F 19 in fuel salt
C:ore vessel
Th in blanket salt
Li-Be-Fin blanket salt
Reactor vessel
Leakage
Neutron yield, 77
Therinal fissions, 3
Regeneration ratio

0.630
0.372
0.202
0.022
ff.086
0.145
0.352
0.024
0.004
0.003
1.84
59
0.352

G58

NUCLEAR ASPECTS OF MOLTEN-SALT HEACTOUS
TABLE

(CHAP.

14

14-8

COMPARISON OF GRAPHITE-MODERATED MOLTEN-SALT
AND LIQUID-METAL-FUELED ·REACTORS

LMFR
Total power, Mw (heat)
Over-all radius, in.
Critical mass, kg of u2aa
Critical inventory, kg of U233*
Regeneration ratio
Core
Radius, in.
Graphite, vol 3
Fuel fluid, vol 3
Fuel components, mole 3
Bi
LiF
BeF2
ThF4
Unmoderated blanket
Thickness, in.
Composition, mole 3
Bi
Th
LiF
BeF2
u2aa
Moderated blanket
Thickness, in.
Composition, vol %
Graphite
Blanket fluidt
Neutron absorption ratio i
Th in fuel fluid
u2aa in fuel fluid
Other components of fuel fluid
Th in blanket fluid
u2aa in blanket fluid
Other components of blanket fluid
Leakage
Neutron yield, T/

580
75
9.9
467
1.107
33
45
55

MSFR-1
600
75
9.6
77.8
0.83

MSFR-2
600
72
27.7
213
1.07

33
45
55

34.8
45
55

69
31

61
36.5
2.5

6

13.2

,.._,100

6
90
10 (Th)

10 (ThF4)
70
20
0.014

13 (ThF4)
71
16

36

36

24

66.6
33.4

66.6
33.4

0.015

0.918
0.081
1.110
0.083
0.040
0.012
2.24

0.925
0.324
0.825
0.071
0.092
0.004
2.24

100

0.566
1.000
0.106
0.490
0.038
0.014
2.21

*With bismuth, the external volume indicated in Ref. 10 was used. The moltensalt systems are calculated for 339 ft 3 external volumes.
tSame as unmoderated blanket fluid.
tNeutrons absorbed per neutron absorbed in u2aa.
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and Pu 239 • Second, in a heterogeneous system, the fuel is partially shielded
from neutrons of intermediate energy, and a further improvement in effective neutron yield, 71, results. Further, the optimum systems may prove
to have smaller volumes of fuel in the core than the corresponding fluorinemoderated, homogeneous reactors and, consequently, higher concentrations
of fuel and thorium in the melt. This may substantially reduce parasitic
losses to components of the carrier salt. On the other hand, these higher
concentrations tend to increase the inventory in the circulating-fuel
system external to the core. The same considerations apply to fission products and to nonfissionable isotopes of uranium.
Possible moderators for molten-salt reactors include beryllium, BeO,
and graphite. The design and performance of the Aircraft Reactor Experiment, a beryllium-oxide moderated, sodium-zirconium fluoride salt, oneregion, U 235-fueled burner reactor has been reported (see Chapter 16).
Since beryllium and BeO and molten salts are not chemically compatible,
it was necessary to line the fuel circuit with Inconel. It is easily estimated
that the presence of Inconel, or any other prospective containment metal
in a heterogeneous thermal reactor would seriously impair the regeneration
ratio of a converter-breeder. Consequently, beryllium and BeO are eliminated from consideration.
Preliminary evidence indicates that uranium-bearing molten salts may
be compatible with some grades of graphite and that the presence of the
graphite will not carburize metallic portions of the fuel circuit seriously [9].
It therefore becomes of interest to explore the capabilities of the graphitemoderated systems. The principal independent variables of interest are
the core diameter, fuel channel diameter, lattice spacing, and thorium
concentration.

14-4.1 Initial states. Two cases of graphite-moderated molten-salt reactors have been calculated for the same geometry and graphite-to-fluid
volume ratio as those for the reference-design LMFR [10]. The results for
these two cases, together with those for the liquid bismuth case, are summarized in Table 14-8. Only the initial states are considered, and a metallic
shell to separate core and blanket fluids has not been included. With no
thorium in the core fluid, the molten-salt-fueled reactor has a significantly
lower regeneration ratio than that of the liquid-metal-fueled reactor, with
only a slightly lower critical mass. Adding 2.5 mole 3 ThF 4 to the core
fluid increases the initial regeneration ratio to about 1.07, with a critical
mass and a corresponding total fuel inventory that are acceptably low.
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CHAPTER 15

EQUIPMENT FOR MOLTEN-SALT REACTOR HEAT-TRANSFER
SYSTEMS*
The equipment required in the heat-transfer circuits of a molten-salt
reactor consists of the components needed to contain, circulate, cool, heat,
and control molten salts at temperatures up to 1300°F. Included in such
systems are pumps, heat exchangers, piping, expansion tanks, storage
vessels, valves, devices for sensing operating variables, and other auxiliary
equipment.
Pumps for the fuel and blanket salts differ from standard centrifugal
pumps for operation at high temperatures in that provisions must be made
to exclude oxidants and lubricants from the salts, to prevent uncontrolled
escape of salts and gases, and to minimize heating and irradiation of the
drive motors. Heat is transferred from both the fuel and the blanket salts
to sodium in shell-and-tube heat exchangers designed to maximize heat
transfer per unit volume and to minimize the contained volume of salt, especially the fuel salt.
Seamless piping is used, where possible, to minimize flaws. Thermal expansion is accommodated by prestressing the pipe and by using expansion
loops and joints. Heaters and thermal insulation are provided on all components that contain salt or sodium for preheating and for maintaining
the circuits at temperatures above the freezing points of the liquids and
to minimize heat losses. Devices are provided for sensing flow rates, pressures, temperatures, and liquid levels. The devices include venturi tubes,
pressure transmitters, thermocouples, electrical probes, and floats. Inert
gases are used over free-liquid surfaces to prevent oxidation and to apply
appropriate base pressures for suppressing cavitation or moving liquid or
gas from one vessel to another.
The deviations from standard practice required to adapt the various
components to the molten-salt system are discussed below. The schematic
diagram of a molten-salt heat-transfer system presented in Fig. 15-1 indicates the relative positions of the various components. For nuclear operation, an off-gas system is supplied, as described in Chapter 17. The
vapor condensation trap indicated in Fig. 15-1 is required only on systems
that contain ZrF 4 or a comparably volatile fluoride as a component of the
molten salt.
*By H. W. Savage, W. F. Boudreau, E. J. Breeding, W. G. Cobb, W. B. McDonald, H. J. Metz, and E. Storto.
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Fm. 15-1. A molten-salt heat-transfer system.

15-1.

PUMPS FOR MOLTEN SALTS

Centrifugal pumps with radial or mixed-flow types of impeller have been
used successfully to circulate molten-salt fuels. The units built thus far
and those currently being developed have a vertical shaft which carries
the impeller at its lower end. The shaft passes through a free surface of
liquid to isolate the motor, the seals, and the upper bearings from direct
contact with the molten salt. Uncontrolled escape of fission gases or entry
of undesirable contaminants to the cover gas above the free-liquid surface
in the pump are prevented either by the use of mechanical shaft seals or
hermetic enclosure of the pump and, if necessary, the motor. Thermal and
radiation shields or barriers are provided to assure acceptable temperature
·and radiation levels in the motor, seal, and bearing areas. Liquid cooling
of internal pump surfaces is provided to remove heat induced by gamma
and beta radiation.
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Fuel Discharge
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Fuel Inlet

Fra. 15-2. Sump-type centrifugal pump developed for the Aircraft Reactor
Experiment.

The principles used in the design of pumps for normal liquids are applicable to the hydraulic design of a molten-salt pump. Experiments have
shown that the cavitation performance of molten-salt pumps can be predicted from tests made with water at room temperature. In addition to
stresses induced by normal thermal effects, stresses due to radiation must
be taken into account in all phases of design.
The pump shown in Fig. 15-2 was developed for 2000-hr durability at
very low irradiation levels and was used in the Aircraft Reactor Experiment for circulating molten salts and sodium at flow rates of 50 to 150 gpm,
at heads up to 250 ft, and at temperatures up to 1550°F. These pumps
have been virtually trouble-free in operation, and many units in addition
to those used in the Aircraft Reactor Experiment have been used in developmental tests of various components of molten-salt systems.
The bearings, seals, shaft, and impeller form a cartridge-type subassembly
that is removable from the pump tank after opening a single, gasketed

664

MOLTEN-SALT REACTOR HEAT-TRANSFER EQUIPMENT

[CHAP.

15

joint above the liquid level. The volute, suction, and discharge connections form parts of the pump tank subassembly into which the removable
cartridge is inserted. The upper portion of the shaft and a toroidal area
in the lower part of the bearing housing are cooled by circulating oil. Heat
losses during operation are reduced by thermal insulation.
In all the units built thus far nickel-chrome alloys have been used in
the construction of all the high-temperature wetted parts of the pump to
mm1m1ze corrosion. The relatively low thermal conductivity and high
strength of such alloys permitted close spacing of the impeller and bearings
and high thermal gradients in the shaft.
Thrust loads are carried at the top of the shaft by a matched pair of preloaded angular-contact ball bearings mounted face-to-face in order to provide the flexibility required to avoid binding and to accommodate thermal
distortions. Either single-row ball bearings or a journal bearing can be
used successfully for the lower bearing.
The upper lubricant-to-air and the lower lubricant-to-inert-gas seals
are similar, rotary, mechanical face-type seals consisting of a stationary
graphite member operating in contact with a hardened-steel rotating member. The seals are oil-lubricated, and the leakage of oil to the process side
is approximately 1 to 5 cc/day. This oil is collected in a catch basin and
removed from the pump by gas-pressure sparging or by gravity.
The accumulation of some 200,000 hr of relatively trouble-free test operation in the temperature range of 1200 to 1500°F with molten salts and
liquid metals as the circulated fluids has proved the adequacy of this basic
pump design with regard to the major problem of thermally induced distortions. Four different sizes and eight models of pumps have been used
to provide flows in the range of 5 to 1500 gpm. Several individual pumps
have operated for periods of 6000 to 8000 hr, consecutively, without maintenance.

15-1.1 Improvements desired for power reactor fuel pump. The basic
pump described above has bearings and seals that are oil-lubricated and
cooled, and in some of the pumps elastomers have been used as seals between parts. The pump of this type that was used in the ARE was designed for a relatively low level of radiation and received an integrated
dose of less than 5 X 108 r. Under these conditions both the lubricants and
elastomers used proved to be entirely satisfactory.
The fuel pump for a power reactor, however, must last for many years.
The radiation level anticipated at the surface of the fuel is 10 5 to 106 r/hr.
Beta- and gamma-emitting fission gases will permeate all available gas
space above the fuel, and the daughter fission products will be deposited
on all exposed surfaces. Under these conditions, the simple pump described
above would fail within a few thousand hours.
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Considerable improvement in the resistance of the pump and motor to
radiation can be achieved by relatively simple means. Lengthening the
shaft between the impeller and the lower motor bearing and inserting additional shielding material will reduce the radiation from the fuel to a low
level at the lower motor bearing and the motor. Hollow, metal 0-rings or
another metal gasket arrangement can be used to replace the elastomer
seals. The sliding seal just below the lower motor bearing, which prevents
escape of fission-product gases or inleakage of the outside atmosphere,
must be lubricated to ensure continued operation. If oil lubrication is used,
radiation may quickly cause coking. Various phenyls, or mixtures of them,
are much less subject to formation of gums and cokes under radiation and
could be used as lubricant for the seal and for the lower motor bearing.
This bearing would be of the friction type, for radial and thrust loads.
These modifications would provide a fuel pump with an expected life of the
order of a year. With suitable provisions for remote maintenance and repair, these simple and relatively sure improvements would probably
suffice for power reactor operation.
Three additional improvements, now being studied, should make possible a fuel pump that will operate trouble-free throughout a very long life.
The first of these is a pilot bearing for operation in the fuel salt. Such a
bearing, whether of hydrostatic or hydrodynamic design, would be completely unaffected by radiation and would permit use of a long shaft so
that the motor could be well shielded. A combined radial and thrust
bearing just below the motor rotor would be the only other bearing required.
The second improvement is a labyrinth type of gas seal to prevent escape
of fission gases up the shaft. There are no rubbing surfaces and hence no
need for lubricants, so there can be no radiation damage. The third innovation is a hemispherical gas-cushioned bearing to act as a combined thrust
and radial bearing. It would have the advantage of requiring no auxiliary
lubrication supply, and it would combine well with the labyrinth type of
gas seal. It would, of course, be unaffected by radiation.

15-1.2 A proposed fuel pump. A pump design embodying these last
three features is shown in Fig. 15-3. It is designed for operation at a temperature of 1200°F, a flow rate of 24,000 gpm, and a head of 70 ft of fluid.
The lower bearing is of the hydrostatic type and is lubricated by the
molten-salt fuel. The upper bearing, which is also of the hydrostatic type,
is cushioned by helium and serves also as a barrier against passage of gaseous
fission products into the motor. This bearing is hemispherical to permit
accommodation of thermally induced distortions in the over-all pump
structure.
The principal radiation shielding is that provided between the source
and the area of the motor windings. Layers of beryllium and boron for
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Fm. 15--3. Improved molten-salt fuel pump designed for power reactor use. Operating temperature, 1200°F; flow rate, 24,000 gpm; head, 70 ft of fluid.
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neutron shielding and a heavy metal for gamma-radiation shielding are
proposed. The motor is totally enclosed, to eliminate the need for a shaft
seal. A coolant is circulated in the area outside the stator windings and
between the upper bearing and the shielding. Molten-salt fuel is circulated
over the surfaces of those parts of the pump which are in contact with the
gaseous fission products to remove heat generated in the metal.

15-2.

HEAT EXCHANGERS, EXPANSION TANKS, AND DRAIN TANKS

The heat exchangers, expansion tanks, and drain tanks must be especially
designed to fit the particular reactor system chosen. The design data of
items suitable for a specific reactor plant are described in Chapter 17.
The special problems encountered are the need for preheating all saltand sodium-containing components, for cooling the exposed metal surfaces
in the expansion tank, and for removing afterheat from the drain tanks.
It has been found that the molten salts behave as normal fluids during
pumping and flow and that the heat-transfer coefficients can be predicted
from the physical properties of the salts.

15-3.

VALVES

The problems associated with valves for molten-salt fuels are the consistent alignment of parts during transitions from room temperature to
1200°F, the selection of materials for mating surfaces which will not
fusion-bond in the salt and cause the valve to stick in the closed position,
and the provision of a gastight seal. Bellows-sealed, mechanically operated,
poppet valves of the type shown in Fig. 15-4 have given reliable service in
test systems.
A number of corrosion and fusion-bond resistant materials for hightemperature use were found through extensive screening tests. Molybdenum against tungsten or copper and several titanium or tungsten carbidenickel cermets mating with each other proved to be satisfactory. Valves
with very accurately machined cermet seats and poppets have operated
satisfactorily in 2-in. molten-salt lines at 1300°F with leakage rates of less
than 2 cc/hr. Consistent positioning of the poppet and seat to assure
leaktightness is achieved by minimizing transmission of valve-body distortions to the valve stem and poppet.
If rapid valve operation is not required, a simple "freeze" valve may be
used to ensure a leaktight seal. The freeze valve consists of a section of
pipe, usually flattened, that is fitted with a device to cool and freeze a .salt
plug and another means of subsequently heating and melting the plug.
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Frn. 15-4. Bellows-sealed, mechanically operated poppet valve for molten-salt
service.

15-4.

SYSTEM HEATING

Molten-salt systems must be heated to prevent thermal shock during
filling and to prevent freezing of the salt when the reactor is not operating
to produce power. Straight pipe sections are normally heated by an electric tube-furnace type of heater formed of exposed Nichrome V wire in a
ceramic shell (clamshell heaters). A similar type of heater with the Nichrome V wire installed in flat ceramic blocks can be used to heat flat
surfaces or large components, such as dump tanks, etc. In general, these
heaters are satisfactory for continuous operation at 1800°F. Pipe bends,
irregular shapes, and small components, such as valves and pressuremeasuring devices, are usually heated with tubular heaters (e.g., General
Electric Company "Calrods") which can be shaped to fit the component
or pipe bend. In general, this type of heater should be limited to service at
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1500°F. Care must be exercised in the installation of tubular heaters to
avoid failure due to a hot spot caused by insulation in direct contact with
the heater. This type of failure can be avoided by installing a thin sheet of
metal (shim stock) between the heater and the insulation.
Direct resistance heating in which an electric current is passed directly
through a section of the molten-salt piping has also been used successfully.
Operating temperatures of this type of heater are limited only by the
corrosion and strength limitations of the metal as the temperature is
increased. Experience has indicated that heating of pipe bends by this
method is usually not uniform and can be accompanied by hot spots caused
by nonuniformity of liquid flow in the bend.

15-5.

JOINTS

Failures of some system components may be expected during the desired operating life, say 20 years, of a molten-salt power-producing reactor;
consequently, provisions must be made for servicing or removing and replacing such components. Remotely controlled manipulations will be
required because there will be a high level of radiation within the primary
shield. Repair work on or preparations for disposal of components that
fail will be carried out in separate hot-cell facilities.
The components of the system are interconnected by piping, and flanged
connections or welded joints may be used. In breaking connections between
a component and the piping, the cleanliness of the system must be preserved, and in remaking a connection, proper alignment of parts must be
re-established. The reassembled system must conform to the original
leaktightness specifications. Special tools and handling equipment will
be needed to separate components from the piping and to transport parts
within the highly radioactive regions of the system. While an all-welded
system provides the highest structural integrity, remote cutting of welds,
remote welding, and inspection of such welds are difficult operations.
Special tools are being developed for these tasks, but they are not yet
generally available. Flanged connections, which are attractive from the
point of view of tooling, present problems of permanence of their leaktightness.
Three types of flanged joints are being tested that show promise. One
is a freeze-flange joint that consists of a conventional flanged-ring joint
with a cooled annulus between the ring and the process fluid. The salt that
enters the annulus freezes and provides the primary seal. The ring provides
a backup seal against salt and gas leakage. The annulus between the ring
and frozen material can be monitored for fission product or other gas leakage. The design of this joint is illustrated in Fig. 15-5.
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Fm. 15-7. Indented-seal flange.

A cast-metal-sealed flanged joint is also being tested for use in vertical
runs of pipe. As shown in Fig. 15-6, this joint includes a seal which is cast
in place in an annulus provided to contain it. When the connection is to
be made or ·broken the seal is melted. Mechanical strength is supplied by
clamps or bolts.
A flanged joint containing a gasket (Fig. 15-7) is the third type of joint
being considered. In this joint the flange faces have sharp, circular, mating
ridges. The opposing ridges compress a soft metal gasket to form the seal
between the flanges.
15-6.

INSTRUMENTS

Sensing devices are required in molten-salt systems for the measurement
of flow rates, pressures, temperatures, and liquid levels. Devices for these
services are evaluated according to the following criteria: (1) they must
be of leaktight, preferably all-welded, construction, (2) they must be cap.able of operating at the maximum temperature of the fluid system, (3) their
accuracies must be relatively unaffected by changes in the system temperature, (4) they should provide lifetimes at least as great as the lifetime
of the reactor, (5) each must be constructed so that, if the sensing element
fails, only the measurement supplied by it is lost. The fluid system to
which the instrument is attached must not be jeopardized by failure of the
sensing element.

15-6.1 Flow measurements. Flow rates are measured in molten-salt
systems with orifice or venturi elements. The pressures developed across the
sensing element are measured by comparing the outputs of two pressuremeasuring devices. Magnetic flowmeters are not at present sufficiently
sensitive for molten-salt service because of the poor electrical conductivity
of the salts.
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15-6.2 Pressure measurements. Measurements of system pressures require that transducers operate at a safe margin above the melting point of
the salt, and thus the minimum transducer operating temperature is usually
about 1200°F. The pressure transducers that are available are of two types:
(1) a pneumatic force-balanced unit and (2) a displacement unit in which
the pressure is sensed by displacement of a Bourdon tube or diaphragm.
The pneumatic force-balanced unit has the disadvantages that loss of the
instrument gas supply (usually air) can result in loss of the measurement,
and that failure of the bellows or diaphragm would open the process system
to the air supply or to the atmosphere. The displacement unit, on the other
hand, makes use of an isolating fluid to transfer the sensed pressure hydrostatically to an isolated low-temperature output element. Thus, in the
event of a failure of the primary diaphragm, the process fluid would merely
mix with the isolating fluid and the closure of the system would be
unaffected.
15-6.3 Temperature measurements. Temperatures in the range of 800
to 1300°F are commonly measured with Chromel-Alumel or platinumplatinum-rhodium thermocouples. The accuracy and life of a thermocouple
in the temperature range of interest are functions of the wire size and, in
general, the largest possible thermocouple should be used. Either beaded
thermocouples or the newer, magnesium oxide-insulated thermocouples
may be used.
15-6.4 Liquid-level measurements. Instruments are available for both
on-off and continuous level measurements. On-off measurements are made
with modified automotive-type spark plugs in which a long rod is used in
place of the normal center conductor of the spark plug. To obtain a continuous level measurement, the fluid head is measured with a differential
pressure instrument. The pressure required to bubble a gas into the fluid
is compared with the pressure above the liquid to obtain the fluid head.
Resistance probe and float types of level indicators are available for use in
liquid-metal systems.
15-6.5 Nuclear sensors. Nuclear sensors for molten-salt reactors are
similar to those of other reactors and are not required to withstand high
temperatures. Existing and well-tested fission, ionization, and boron trifluoride thermal-neutron detection chambers are available for installation
at all points essential to reactor operation. Their disadvantages of limited
life can be countered only by duplication or replacement, and provisions
can be made for this. It should be pointed out that the relatively large,
negative temperature coefficients of reactivity provided by most circulatingfuel reactors make these instruments unessential to the routine operation
of the reactor.

CHAPTER 16
AIRCRAFT REACTOR EXPERIMENT*

The feasibility of the operation of a molten-salt-fueled reactor at a truly
high temperature was demonstrated in 1954 in experiments with a reactor
constructed at ORNL. The temperature of the fuel exiting from the core
of this reactor was about 1500°F, and the temperature of the fuel at the
inlet to the core was about 1200°F. The reactor was constructed before
the mechanism and control of corrosion by molten salts had been fully
explored, and therefore the experimental operation of the reactor was of
short duration. Since the work was supported by the Aircraft Reactors
Branch of the Atomic Energy Commission, the reactor was called the Aircraft Reactor Experiment (ARE).t
The ARE was a thermal reactor in which moderation was accomplished
by BeO blocks through which the fluoride fuel was circulated in Inconel
tubes arranged in a symmetrical, heterogeneous matrix. The Inconel vessel containing the core was essentially a right cylinder, approximately
52 in. OD and 44 in. in height, with 2-in.-thick walls. The fuel passages
consisted of 1-in.-diameter Inconel tubes arranged in six parallel circuits,
and each circuit, by the use of reverse bends at top and bottom of the
core, made eleven passes through the core. The fuel passages did not
traverse the peripheral BeO blocks which served as a reflector around the
core of the reactor. A top view of the BeO blocks and the Inconel tubes
is shown in Fig. 16-1. The moderator and reflector blocks were cooled
by circulating liquid sodium from the bottom to the top of the pressure
vessel. The sodium permeated all interstices of the BeO and flowed rapidly through 1/2-in. vertical holes in the reflector sections of the BeO. An
elevation drawing of the reactor which illustrates these features is presented
in Fig. 16-2, and a photograph of the reactor vessel that was taken before
assembly of the thermal shield is shown in Fig. 16-3.
Since the purpose of the operation of this experimental reactor was to
study the behavior of the circulating-fluoride-fuel system and to identify
the problems associated therewith, the power output of the reactor was
not utilized but, rather, was simply dumped as heat. The heat-removal
system is shown schematically in Fig. 16-4. The fuel was circulated
through a finned-tube radiator type of heat exchanger. This radiator was
located within a sheet-metal housing of a toroidal shape. In another part
of the toroidal housing there was a second finned-tube radiator through
*By E. S. Bettis and W. K. Ergen.
tR. C. Briant et al., Nuclear Science and Engineering, Vol. 2, No. 6, 79fr.853 (1957).
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Fm. 16-1. Top view of the reactor core of the ARE. Hexagonal beryllium
oxide blocks serve as the moderator. lnconel tubes pass through the moderator
blocks to carry the molten-salt fuel.

which plant water flowed. A large centrifugal blower circulated the coolant
gas (helium) in the toroidal loop so that heat was picked up from the fuel
radiator and dumped into the water radiator.
An identical arrangement of radiators and blower was used for cooling
the sodium used as the moderator-reflector coolant. In the interest of
safety (for removal of afterheat in the event of a pump failure), the sodium circuit was installed in duplicate so that an entire sodium cooling
system was available as a spare. These two sodium loops were operated
alternately during the experiment in an effort to keep a check on the operability of each loop. Had one loop failed to operate, the experiment
would have been terminated for lack of a spare cooling system.
The control system of the reactor was based on conventional practice.
The three safety shim rods were actuated by electrically driven lead screws
which moved electromagnets in a vertical plane. When these magnets were
driven to their lowest extremity, an armature was engaged to which the
shim (poison) rods were attached. Loss of current in the electromagnets
would allow the rods to fall under the action of gravity into thimbles in
the central region of the core. The regulating rod was a simple stainlesssteel pipe which was rigidly attached to a rack driven by a reversible elec-

CHAP.

16]

675

AIRCRAFT REACTOR EXPERIMENT
Regulating Rod
AssemblY,
Safety Rod Assembly

"Tiii==rirrii~

Fuel Outlet
Manifold

0 4 81216
Scale in Inches

Frn. 16-2. Elevative section of the Aircraft Reactor Experiment.

tric motor through a pinion. Fission chambers located in the reflector, as
well as ionization chambers located outside the pressure shell of the reactor,
furnished the neutron and gamma-ray signals for the control system.
The shim and control rods which entered the hot reactor core had to be
cooled to prevent overheating from neutron capture and gamma-ray absorption. This cooling was effected by circulating helium in a closed loop
that included a water-cooled radiator, as in the case of the fuel and sodium
circuits. This helium circuit was integral with a helium-filled monitoring
annulus which surrounded all fuel and sodium piping in the system. This
annulus was formed by putting a continuous stainless-steel sleeve around
all hot piping, and the helium circulated in the annulus performed two
functions: (1) it kept the hot lines at essentially an even temperature during the warmup period when the system was heated by means of electrical
heating units placed on the outer surface of the annulus, and (2) the helium
was monitored to ensure that the fuel and sodium piping was leaktight.
Large, heated reservoir tanks were connected to the system through
isolation valves so that the sodium and the fused fluoride mixture could
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Frn. 16-3. View of the ARE Vessel before addition of the thermal shield. The
external strip heaters with their electrical leads are shown in place.
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FIG. 16-4. Schematic diagram of the heat-removal system for the ARE.

be pressurized from the tanks into the system and could be drained back
into the tanks after the experiment was over. Dry helium was used for
operating penumatic instruments and for pressurizing the liquids into the
system from the tanks.
Pumps for both the sodium and the molten-fluoride mixture consisted
of sump-type centrifugal pumps with overhanging shafts. The pumps were
mounted vertically, and a gas space was provided between the liquid level
and the upper bearings of the pump. The pumps were located so that the
free-liquid surface in the sump tank was the high point in both the fuel
and the sodium circuits. The sump tank of the pump also served as an
expansion tank for the liquid. The isometric drawing of the fuel system
presented in Fig. 16-5 indicates the relative levels of the components.
Both of the liquid systems, fuel and sodium, were fabricated entirely of
lnconel, and all closures were made by inert-gas-shielded electric-arc
(Heliarc) welding. The welding procedure was adopted after extensive
experimental research and developmental work, and meticulous care was
exercised in all welding operations. The entire reactor system, that is, the
reactor vessel, heat exchangers, pumps, dump tanks, piping, and auxiliary
equipment (with the exception of control rod drives), was located in concrete pits below ground level. After the reactor was brought to criticality
by manual fuel injection, concrete blocks were placed on top of the pits
to complete the shielding of the system as required during power operation.
Fuel was added as a molten mixture of NaF and UF 4 (enriched in U 235 )
after the sodium system had been heated and filled with sodium and the
fuel system had been heated and filled with fuel carrier-a molten mixture
of NaF and ZrF 4 • The fuel additions were made into the sump of the fuel
pump through the use of a temporary enrichment system that was capable
of injecting (by manual operation) a few hundred grams of fuel mixture
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FIG. 16-5. Layout of the fuel system components for the ARE.

at a time. This method of fuel addition was laborious and time-consuming,
but it effectively and safely enriched the reactor to a critical concentration.
The reactor was taken to criticality essentially without incident. The
total amount of U 235 added to the system to make the reactor critical was
approximately 61 kg, but small amounts of fuel were withdrawn from the
system for sampling and in trimming the pump level. The uranium concentration at criticality was 384 g/liter of fluoride mixture. The calculated
volume of the core was 38.8 liters at 1300°F, and thus the clean critical
mass of the reactor was 14.9 kg of U 2 35.
It was demonstrated that the reactor had an over-all temperature coefficient of reactivity of -6 X 10- 5 (l::i,.k/k)/°F. As was anticipated, the
fast negative temperature coefficient of reactivity (associated with the fuel
expansion coefficient) served to stabilize the reactor power level. From a
power lever of 200 kw upward, the temperature coefficient controlled the
system so precisely that the reactor responded to load demands in a
thoroughly reliable manner.
The response of the reactor was demonstrated in a number of experiments, one of which is described in Fig. 16-6. The abscissa, to be read from
right to left, is the time in minutes, and the print-outs from recorders
giving the reactor inlet and outlet temperatures are the ordinate. Initially,
in this experiment, the reactor was operating at low power. Then the heat
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FIG. 16-6. Chart of inlet and outlet temperatures for the ARE as influenced by
various experimental procedures.

extraction from the fuel was slowly increased and there was, first, a resultant decrease in the temperature of the fuel which reached the reactor
inlet from the heat exchanger. This increased the reactivity and the reactor power, as indicated by the temperature rise at the reactor outlet.
The spread of inlet and outlet temperatures corresponds to a power level
of 2.5 Mw. When the heat extraction was reduced, the inlet temperature
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rose and the outlet temperature fell until the two temperatures became
nearly coincident. As may be seen, the control rods did not determine the
power output; they only influenced the average temperature. Insertion
of the shim rods decreased the temperature. Another rapid increase in the
power demand on the fuel system again spread apart the inlet and outlet
temperature recordings, and full insertion and full withdrawal of the
regulating rod depressed and then raised both temperatures simultaneously.
Next, the power extraction was stopped and the regulating rod was inserted to make the reactor subcritical.
The third spread of the temperatures in Fig. 16-6 was a result of a
demonstration which showed that the reactor could be brought to criticality,
without use of the rods, by the power demand alone. Power extraction
from the sodium system cooled the reactor to make it critical, and power
extraction from the fuel again caused the spread of inlet and outlet temperatures.
The remarkable stability of the system made it unexpectedly possible
to demonstrate that no more than 53 of the Xe 135 was retained in the
molten fuel. It had been computed that the xenon poisoning after 27 hr
of operation at full power would amount to 2 X 10- 3 in D.k/k if all the
xenon formed stayed in the fuel until it decayed. This level of poisoning
was less than would be expected from the usual equations, partly because
the fuel spent only one-fourth of the time in the core and was thus effectively only subjected to one-fourth of the flux, and partly because many
of the neutrons had energies above the large Xe 135 absorption resonance.
As little as 53 of this computed poisoning would have been detectable,
but none was found.
There was a small leakage from the gas volume above the liquid surface
of the fuel pumps which made operation at a high power level somewhat
awkward, but danger to operating personnel was circumvented by operating with the reactor pit at a subatmospheric pressure and remotely exhausting the pit gases to the atmosphere at a location where they were
adequately dispersed.
The entire program of experiments that had been planned for the reactor
was completed satisfactorily. The reactor was shut down after a total
power production of 96 Mwh, and it was later dismantled. The fuel and
sodium systems had been in operation for a total of 462 and 635 hr, respectively, including 221 hr of nuclear operation, with the final 74 hr of
operation in the megawatt range.

CHAPTER 17

CONCEPTUAL DESIGN OF A POWER REACTOR*
The design of a homogeneous molten-salt reactor of the type discussed
in the preceding chapters is described below. The choice of the power
level for this design is arbitrary, since the 8-ft-diameter reactor core, chosen
from nuclear considerations, is capable of operating at power levels up to
1900 Mw (thermal) without excessive power densities in the core. An
electrical generator of 275-Mw capacity was chosen, since this is in the
size range that a number of power companies have used in recent years.
It is estimated that about 63 of the power would be used in the station,
and thus the net power to the system would be about 260 Mw.
Two sodium circuits in series were chosen as the heat-transfer system
between the fuel salt and the steam. Delayed neutrons from the circulating
fuel will activate the primary heat exchangers and the sodium passing
through them. A secondary heat-exchanger system in which the heat will
transfer from the radioactive sodium to nonradioactive sodium will serve
to prevent radioactivity at the steam generators, superheaters, and reheaters. The fuel flow from the core is distributed among four primary
heat exchangers which serve as the first elements of the four parallel paths
for heat transfer to the steam. A single primary heat exchanger and path
is provided for the blanket circuit.
Plan and elevation views of the reactor plant are shown in Figs. 17-1
and 17-2, and an isometric drawing showing the piping of the heat-transfer
systems is shown in Fig. 17-3. The reactor and the primary heat exchangers
are contained in a large rectangular reactor cell, sealed to contain any
leakage of fission-product gases. All operations in the cell must be carried
out remotely after the reactor has operated at power. The principal characteristics of the plant are listed in Table 17-1.
17-1.

FUEL AND BLANKET SYSTEMS

17-1.1 Reactor vessel. The reactor vessel and the fuel and blanket
pumps are a closely coupled assembly (Fig. 17-4) which is suspended.
from a flange on the fuel pump barrel. The vessel itself has two regionsone for the fuel and one for the blanket salt. The fuel region consists of
the reactor core surmounted by an expansion chamber, which contains
the single fuel pump. The blanket region completely surrounds the fuel
region, and the blanket salt cools the walls of the expansion chamber gas
space and shields the pump motor. The floor of the expansion chamber is
*By L. G. Alexander, B. W. Kinyon, l\I. E. Lackey, H. G. MacPherson, L. A.
Mann, J. T. Roberts, F. C. VonderLage, G.D. Whitman, and J. Zasler.
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Fm. 17-1. Plan view of molten salt power reactor plant.

a flat disk, 3/8 in. thick, which serves as a diaphragm to absorb differential
thermal expansion between the core and the outer shells.
17-1.2 Fuel pump. The fuel pump is of the type illustrated in Chapter 15 (Fig. 15-3) and is designed to have a capacity of 24,000 gpm. It is
driven by a 1000-hp motor with a shaft speed of 700 rpm. This pump
incorporates three major advanced features that are being developed, but
which are not present in any molten-salt pump operated to date. These
are a hydrostatic lower bearing to be operated in the molten salt, a labyrinth type of gas seal to prevent escape of fission-product gases up the
shaft, and a hemispherical gas-cushioned upper bearing to act as a combined thrust and radial bearing. These advanced features are intended
to provide a pump with greater resistance to radiation damage and less
complex auxiliary equipment than necessary for pumps presently used
for molten salts.
17-1.3 System for removal of fission-product gases. About 3.5% of
the fuel passing through the fuel pump is diverted from the main stream,
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Fm. 17-2. Elevation view of molten salt power reactor plant.

Fm. 17-3. Isometric view of molten salt power reactor plant.
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FIG. 17-4. Reactor vessel and pump assembly.
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TABLE

17-1

REACTOR PLANT CHARACTERISTICS

Fuel
Fuel carrier
Neutron energy
Moderator
Primary coolant
Power
Electric (net)
Heat
Regeneration ratio
Clean
Average (20 yr)
Blanket salt
Refueling cycle at full power
Shielding
Control
Plant efficiency
Exit fuel temperature
Steam
Temperature
Pressure
Second loop fluid
Third loop fluid
Structural materials
Fuel circuit
Secondary loop
Tertiary loop
Steam boiler
Steam superheater
Active-core dimensions
Fuel equivalent diameter
Blanket thickness
Temperature coefficient, (b..k/k)/°F
Specific power
Power density
Fuel inventory
Initial (clean)
Average (20 yr)
Clean critical mass
Burn up

>903 u23sF4
62 mole 3 LiF, 37 mole 3 BeF2,
1 mole 3 ThF4
Intermediate
LiF BeF2
Circulating fuel solution,
23,800 gpm
260 Mw
640 Mw
0.63
0.50
71 mole 3 LiF, 16 mole 3 BeF2,
13 mole 3 ThF4
Semicontinuous
Concrete room walls, 9 ft thick
Temperature and fuel concentration
44.33
1210°F at approximately 83 psia
1000°F, with 1000°F reheat
1800 psia
Sodium
Sodium
INOR-8
Type--316 stainless steel
53 Cr, 13 Si steel
2.53 Cr, 13 Mo steel
53 Cr, 13 Si steel
8 ft
2 ft
-(3.8 ± 0.04)
1000 kw/kg
80 kw/liter

x

604 kg of U 235
1000 kg of U 235
267 kg of U 235
Unlimited

10-s
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Fm. 17-5. Schematic flow diagram for continuous removal of fission-product gases.

mixed with helium from the pump-shaft labyrinth seal, and sprayed into
the reactor expansion tank. The mixing and spraying provides a large
fuel-to-purge-gas interface, which promotes the establishment of low
equilibrium fission gas concentrations in the fuel. The expansion tank
provides a liquid surface area of approximately 26 ft 2 for removal of the
entrained purge and fission gas mixture. The gas removal is effected by
the balance between the difference in the density of the fuel and the gas
bubbles and the drag of the opposing fuel velocity. The downward surface
velocity in the expansion tank is less than 1 in/sec, which should allow all
. bubbles larger than 0.008 in. in radius to come to the surface and escape.
In the Aircraft Reactor Experiment at least 973 of the fission-product
gases were continuously purged by similar techniques.
With a fuel purge gas rate of 5 cfm, approximately 350 kw of beta
heating from the decay of the fission-product gases and their daughters
is deposited in the fuel and on metal surfaces of the fuel expansion tank.
This heat is partly removed by the bypass fuel circuits and the balance is
transferred through the expansion tank walls to the blanket salt.
The mixture of fission-product gases, decay products, and purge helium
leaves the expansion tank through the off-gas line, which is located in the
top of the tank, and joins with a similar stream from the blanket expansion
tank (see Fig. 17-5). The combined flow is delayed approximately 50 min
in a cooled volume to allow a large fraction of the shorter-lived fission
products to decay before entering the cooled activated-carbon beds. The
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capacity of the carbon beds will hold krypton from passing through for
approximately 6 days, and xenon for much longer times.
The purge gases, essentially free from activity, leave the carbon beds to
join the gases from the gas-lubricated bearings of the pumps. The gases
are then compressed and returned to the reactor to repeat the cycle. Approximately every four days the gas stream is diverted from one set of
carbon beds to the other. The inactive bed is then regenerated by warming
it to expel the Kr85 and other long-lived fission products. It will probably
be economical to recover some of these gases; others may be expelled to
the stack.
17-2.

HEAT-TRANSFER CIRCUITS AND TURBINE GENERATOR

The primary heat exchangers are designed to have the fuel on the shell
side and sodium inside the tubes. This arrangement makes full use of the
superior properties of sodium as a heat-transfer fluid and appears to yield
the lowest fuel volume.
The heat exchangers, which are of semicircular construction, as shown
in Fig. 17-3, provide convenient piping to the top and bottom of the
reactor. The thermal characteristics of the primary heat exchanger, together with the characteristics of other heat exchangers of the reactor
system, are listed in Table 17-2.
The sodium in the intermediate heat-transfer system (see Fig. 17-6) is
heated by the fuel in the primary heat exchanger and is pumped out of the
reactor cell and through the reactor cell shield to adjacent cells, which contain the secondary sodium-to-sodium heat exchangers and the pump. No
control of intermediate sodium flow is required, so there are no valves and
a constant speed centrifugal pump is used. To permit the sodium to be at
a lower pressure than the fuel in the primary heat exchanger, the pump for
the intermediate sodium is in the higher temperature side of the circuit.
The secondary heat exchangers are of the U-tube in U-shell, counterflow
design, with the intermediate sodium in the tubes and the final sodium on
the shell side.
The final sodium circuit, except for the secondary exchanger, is outside
the shielded area and thus available for adjustment and maintenance at all
times. The principal problems in this circuit are concerned with the adjustment of sodium temperature. Excessive thermal strains are prevented
in the steam generator by limiting the temperature of the sodium entering
it, and in the intermediate heat exchanger by the regulation of sodium flows
so that too cold sodium is never returned to it. The hot sodium from the
secondary exchanger is split into three streams with regulating valves for
control of the relative flows. One stream bypasses the steam system and
goes directly to a blender; the flow in it is, of course, greatest at low power

TABLE

17-2
C'l
00
00

DATA FOR HEAT EXCHANGERS

Fuel and sodium-to-sodium exchangers
Number required
Fluid
Fluid location
Type of exchanger
Temperatures
Hot end, °F
Cold end, °F

Primary

Secondary

4
Primary sodium
Fuel salt
Tubes
Shell
U-tube in U-shell,
counterflow

4
Primary sodium
Secondary sodium
Tubes
Shell
U-tube in U-shell,
counterflow

1210
1075

1120
925

13.4
10.8
40

INOR-8
1.000
0.058
23.7
515
1.144
28
144
2800
175
46.1
19.7
15.5

Tube data
Material
Outside diameter, in.
Wall thickness, in.
Length, ft
Number
Pitch (l'.l), in.
Bundle diameter, in.

Heat transfer capacity, Mw
Heat transfer area, ft 2
Average heat flux, 1000 Btu/(hr)(ft 2 )
Flow rate, cfps
Fluid veloc-ity, fps
Pressure drop, psi

1120
925

1080
825
Type-316 stainless steel
0.750
0.049
21.5
1440
0.898
36
144

5200
95
46.1
13.9
10

33.0
13.2
14.8

continued

TABLE

17-2 (continued)

Steam Generator

Super heater

Re heater

4
Secondary
Water
sodium
Tubes
Shell
Bayonet,
counterflow

4
Secondary Steam
sodium
Shell
Tubes
U-tube in U-shell,
counterflow

4
Secondary Steam
sodium
Shell
Tubes
Straight,
counterflow

1080
930

1080
1000

Sodium-to-steam exchanger

Number required
Fluid
Fluid location
Type of exchanger
Temperatures

Hot end, °F
Cold end, °F

825
740

621
621

1000
621

1000
640

Tube data

Material
Outside diameter, in.
Wall thickness, in.
Length, ft
Number
Pitch (Li), in.
Bundle diameter, in.
Heat transfer capacity, Mw
Heat transfer area, ft 2
Average heat flux, 1000 Btu/(hr)(ft2 )
Flow rate, cfps
or 1000 lb/hr
Fluid velocity, fps
Pressure drop, psi

2.53 Cr, 13 Mo Alloy
2
0.180
18
362
2.75
55
82.2
2800
100
57.5
410
5.6
5. 7 (jet pump)

53 Cr, 13 Si Alloy
0.750
0.095
25
480
1.00
23
39.2
1760
76
15.5
406
9.3
61
6.9
10.3

53 Cr, 13 Si Alloy
0.750
0.065
16.5
800
1.00
29.7
22.6
2200
35
16.8
399
7.9
137
3.2
10.4
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Fm. 17-6. Schematic diagram of heat-transfer system.

levels. The other two streams go to the superheater and the reheater, and
are then combined with the bypass flow in the blender. On leaving the
blender, the sodium stream is split again by a three-way valve into two
streams; one enters a second bypass and goes directly to the main pump
and the other enters a jet pump that keeps a large sodium flow recirculating
through the boiler, which is of the Lewis type. The three-way valve is
adjusted, at design point, so that about two-thirds of the flow goes to the
jet pump and one-third bypasses the boiler. At low power levels the valve
would be adjusted to give very low flows to the boiler.
The centrifugal pump in this circuit has two speeds, full speed and onefourth of full speed. The low-speed operation provides for better regulation
of the sodium flow at very low power levels.
The turbine selected uses 1800-psia steam at 1000°F with reheat to
1000°F and is rated at 275 Mw. It is a 3600-rpm single-shaft machine with
three exhaust ends. The turbine heat rate is estimated to be 7700 Btu/kwh,
or 44.3% cycle efficiency, while 7860 and 8360 Btu/kwh are the generator
and station heat rates, respectively. With 6% of generator output used
for station auxiliaries, 260 Mw is supplied to the bus bar.
17-3. REMOTE MAINTENANCE PROVISIONS
Remotely controlled mechanized tools and viewing devices are provided
in the reactor cell for making minor repairs and for removing and re-
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placing any component in the cell. The tools will be able to handle any
pump, heat exchanger, pipe, heater for pipe and equipment, instrument, and
even the reactor vessel, and, correspondingly, the components will be designed and located for accessibility and separation.
The removal and replacement of components requires a reliable method
of making and breaking joints in the pipe. Cutting and welding of pipe
sections can be used, but in the low-pressure molten-salt system it is believed that a flanged-pipe joint (see Section 15-5) may be satisfactory.
All equipment and pipe joints i:i the reactor cell are laid out so that they
are accessible from above. Directly above the equipment is a traveling
bridge on which can be mounted one or more remotely operated manipulators. At the top of the cell is another traveling bridge for a remotely
operated crane. At one end of the cell is an air lock that connects with the
maintenance area. The crane can move from the bridge in the cell to a
monorail in the air lock.
Closed-circuit television equipment is provided for viewing the maintenance operation in the cell. A number of cameras are mounted to show the
operation from different angles, and a periscope gives a direct view of the
entire cell.

17-4.

MOLTEN-SALT TRANSFER EQUIPMENT

The fuel-transfer systems are shown schematically in Fig. 17-7. Salt
freeze valves (see Section 15-3) are used to isolate the individual components in the fuel-transfer lines and to isolate the chemical plant from
the components in the reactor cell. With the exception of the reactor
draining operation, which is described below, the liquid is transferred frqm
one vessel to another by a differential gas pressure. By this means, fuel
may be added to, or withdrawn from, the reactor during power operation.
The fuel added to the reactor will have a high concentration of UF 4 with
respect to the process fuel, so that additions to overcome burnup will require transfer of only a small volume; similarly, thorium-bearing molten
salt may be added at any time to the fuel system. The thorium, in addition to being a design constituent of the fuel salt, may be added in amounts
required to serve as a nuclear poison.
For the main fuel drain circuit, bellows-sealed, mechanically operated,
poppet valves (see Section 15-3) will be placed in series with the freeze
valves to establish a stagnant liquid suitable for freezing. Normally these
mechanical valves will be left open. By melting the plug in the freeze line
and opening gas-equalization valves, the liquid in the reactor will flow by
gravity to the drain tank, and the gas in the drain tank will be transferred
to the reactor system. Thus gas will not have to be added to, or vented
from, the primary system.

Legend:
----Fuel Line
___ -Gas Line
4solenoid Valve
-{]\l}Freeze Valve
S-Supply
V-Vent
-Normal Flow
Direction
FP-Fission Products

Inert Salt Charging
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17-5. FUEL DRAIN TANK
For the drain vessel design calculations, it was assumed that at 1200°F
the fuel system volume would be 600 ft 3 . The design capacity of the
drain vessel was therefore set at 750 ft 3 in order to allow for temperature
excursions and for a residual inventory. An array of 12-in.-diameter pipes
was selected as the primary containment vessel of the drain system in
order to obtain a large surface area-to-volume ratio for heat-transfer efficiency and to provide a large amount of nuclear poison material. Fortyeight 20-ft lengths of pipe are arranged in six vertical banks connected on
alternate ends with mitered joints (see Fig. 17-8). The six banks of pipe
are connected at the bottom with a common drain line that connects with
the fuel system. The drain system is pteheated and maintained at the desired temperature with electric heaters installed in small-diameter pipes
located axially inside main pipes. These bayonet-type heaters can be removed or installed from one face of the pipe array to facilitate maintenance.
The entire system is installed in an insulated room or furnace to minimize
heat losses.
The removal of the fuel afterheat is accomplished by filling boiler tubes
installed between 12-in.-diameter fuel-containing pipes with water from
headers that are normally filled. The boiler tubes will normally be dry and
at the ambient temperature of about 950°F. Cooling will be accomplished
by slowly flooding or "quenching" the tubes, which then furnish a heat
sink for radiant heat transfer between the fuel-containing pipes and the
low-pressure, low-temperature boiler tubes. For the peak afterheat load,
a flow of about 150 gpm of water is required to supply the boiler tubes.
The design criteria for this fill-and-drain system are that it always be in
a standby condition immediately available for drainage of the fuel, that it
be capable of adequately handling the fuel afterheat, and that it provide
double containment for the fuel. The heat-removal scheme is essentially
self-regulating in that the amount of heat removed is determined by the
radiant exchange between the vessels and water wall. Both the water and
the fuel systems are at low pressure, and a double failure would be required
for the two fluids to be mixed. The drain system cell may be easily enclosed
and sealed from the atmosphere because there are no large gas-cooling
ducts or other major external systems connected to it.
17-6. CHEMICAL REPROCESSING METHOD
In this plant it is assumed that the core and blanket salts will be reprocessed by the fluoride volatility process [l] to remove UF 6 . The UF 6
will be reduced by a fluorine-hydrogen flame process [2] and returned to
the reactor core. The blanket salt with its U 233 removed will be returned
to the blanket, since the buildup of fission products in the blanket salt will
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Frn. 17-8. Drain and storage tank for fuel salt of molten salt power reactor.
not be an appreciable poison for many years. For purposes of the cost
study, it is assumed that the spent fuel salt with its contained fission products will be discarded after each processing, and new fuel salt will be provided. Since several means of recovering the fuel salt appear to be feasible,
this is a conservative assumption. The chemical processing is assumed to
be an integral part of this reactor plant.

17-7.

COST ESTIMATES

All the costs were calculated for a 260-Mw net-electrical-output plant
operated at a load factor of 0.80. An annual charge of 14% was made for
all capital items, other than the uranium inventory, for which a 4% annual
charge was made. It is assumed that the reactor plant components will
have been engineered and developed with separate funds not included in
this estimate.
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Table 17-3 gives the fuel cycle costs separately from the other reactor
costs, so that a comparison can be made with comparable costs for solidfuel-element reactors.
TABLE

17-3

FUEL .CYCLE COSTS

Operating costs (fuel cycle only)

U 235 consumed
Fuel salt makeup (or recovery cost)
Chemical plant operation (listed as part of Operation
and Maintenance in Table 17-5)

$/year

mills/kwh

2,260,000
760,000
500,000

1.24
0.42
0.28

3,520,000

1.94

680,000
420,000

0.37
0.23

1,100,000

0.60

Capital charges (fuel cycle only)

u 2aa and U 235 inventory,

1000 kg at 4%
Chemical plant and equipment $3,000,000 at 14%
(included in capital costs in Table 17-4 and fixed
cost in Table 17-5)

Total fuel cycle cost

4,620,000

2.54

--

An estimate of the capital costs for the reactor plant is given in Table
17-4. This breakdown leads to the estimated power costs in Table 17-5.
TABLE

17-4

CAPITAL COSTS

Land and land rights
Structures and improvements
Reactor system (including chemical plant)
Steam system
Turbine-generator plant
Accessory electrical equipment
Miscellaneous power plant equipment
Direct costs subtotal
Contingency subtotal
General expense
Design costs
Total cost

$500,000
7,500,000
20,039,000
3,750,000
11,750,000
4,600,000
1,250,000
49,389,000
10,216,000
7,500,000
2,450,000
$69,555,000
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Note that in Table 17-5 the chemical plant capital and operating costs
listed in Table 17-3 are part of the fixed cost and operation and maintenance, respectively, so that the amount listed for fuel charges is only 2.03
TABLE

17-5

POWER COSTS

Item
Fixed cost
Operation and maintenance
Fuel charges
Total annual charge

Annual charge

mills/kwh

$9,738,000
2,700,000
3,700,000
$16,138,000

5.34
1.48
2.03

Total power cost

8.85

mills/kwh. This breakdown is in keeping with the philosophy of regarding
the chemical reprocessing as an integral part of the reactor plant. The
difference in cost between having the reactor on standby and having it on
the line is less than 2 mills/kwh.
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PREFACE
This is the most extensive discussion of liquid-metal fuel reactor development yet published in the United States. Emphasis has been placed on
the Liquid Metal Fuel Reactor being developed by Brookhaven National
Laboratory and Babcock & Wilcox Co. because it is the most advanced
project. Work on various phases of liquid-metal fuel reactors is being
carried out by Los Alamos Scientific Laboratory, Raytheon Manufacturing
Co., Argonne National Laboratory, Ames Laboratory, and Atomics
International. The editor would like to have given more coverage to work
at the last three locations but was unable to because time was lacking.
The liquid-metal fuel reactor development at Brookhaven started as
an organized program in 1951. Before that, work had been conducted on
bismuth-uranium fuel and other components. In 1954, Babcock & Wilcox
Co.', in collaboration with representatives of sixteen other companies,
prepared a reference design and report. In 1956, Babcock & Wilcox con~
tracted with the Atomic Energy Commission to design, build, and operate
a low-power experimental reactor (LMFR Experiment No. 1). Research,
development, and design studies are being carried on concurrently by
B & Wand Brookhaven. LMFR Experiment No. 1, on which construction is scheduled to start in 1960, is intended to demonstrate feasibility
and provide information on the physics, metallurgy, chemistry, and
mechanical aspects of this type of reactor.
The editor expresses appreciation to many of his colleagues at Brookhaven and Babcock & Wilcox for working with him on these chapters. He
wishes particularly to thank those whose material he drew upon, also
C. Williams, 0. E. Dwyer, D. Gurinsky, H. Kouts, F. T. Miles, and T. V.
Sheehan, of Brookhaven National Laboratory; R. T. Schoemer, H. H.
Poor, and J. Happell, of Babcock & Wilcox Co.; R. Rebholz and G. Goring,
of Union Carbide Corp.; D. Hall, of Los Alamos Scientific Laboratory;
and W. Robba, of Raytheon Manufacturing Co. Special appreciation is
due Miss Gloria Ministeri for her laborious and prolonged secretarial
work and Miss Dolores Del Castillo for coming to our aid in emergencies.
Upton, New York
June 1958

Frank Maslan, Editor

CHAPTER 18
LIQUID METAL FUEL REACTORS

18-1.

BACKGROUND

Liquid metal fuel reactors have received attention since the early days
of reactor technology. The concept of a high-temperature fluid fuel which
could be circulated for both heat exchange and chemical processing has
been an intriguing one [1-4].
This type of reactor was first suggested in 1941 but received little research
and development attention until approximately 1947. At this time the
Nuclear Engineering Department at Brookhaven National Laboratory
began its Liquid Metal Fuel Reactor (LMFR) development. A solution
of uranium in bismuth was suggested because of the low melting point and
low neutron-capture cross section of bismuth. Coupled with these factors
is the very high boiling point of bismuth, which makes possible the hightemperature operation of a bismuth-cooled reactor at relatively low
pressures.
Modern steam power plants have a thermodynamic efficiency of approximately 403. For a nuclear system to achieve comparable efficiencies, the
working fluid will have to have a reactor outlet temperature in the neighborhood of 500°C. The LMFR is one of the new types of nuclear reactors
having this desirable characteristic. Thus, it is one of the few with potentialities for producing power competitive with the best of the present steam
systems.
18-1.l Work at Brookhaven National Laboratory. In 1948, an appraisal
of various low-melting alloys was made at Brookhaven. Attention was also
given to metallic slurries consisting of uranium in the form of intermetallic
compounds suspended in liquid metal carriers. The uranium-bismuth
system appeared to show consider11ble promise. Preliminary solubility
studies were completed by 1950 and a start was made on fuel processing
investigations.
Since that time the project has steadily accelerated. Chemical aspects
of the fuel and fuel-processing systems have been and are being investigated
in considerable detail. Metallurgical studies of corrosion, mass transfer,
and stability of fuel systems have advanced from short-time crucible tests
to circulating loops of alloy steel operated for many thousands of hours.
Consideration has also been given to the design of such various reactor
components as pumps, piping, valves, heat exchangers, and instruments.
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18-1.2. Work of study groups. In common with other reactor concepts,
the LMFR has been evaluated from time to time as part of the general
Atomic Energy Commission Reactor Development Program. During the
summer of 1953, the LMFR was evaluated under Project Dynamo, and it
was concluded that it was an extremely attractive concept if proven technically feasible. In 1955 an industrial study group, under the direction of
Babcock & Wilcox, made a detailed appraisal and design of the LMFR
concept [19], and reported that it could be proved technically feasible in
the near future and that it appears attractive from an economic point of
view. In 1957, the Babcock & Wilcox Company re-evaluated the LMFR
and found the outlook as good as indicated previously [21]. Of course, the
development of a new reactor concept of this kind is a long-range program.
Present plans call for a buildup of knowledge through the construction
and operation of several LMFR experiments. The first of these is currently
being designed by Babcock & Wilcox.

18-2.

GENERAL CHARACTERISTICS OF LIQUID METAL
FUEL REACTORS*

18-2.1 Comparison of fluid- and solid-fuel reactors. In order to better
understand the development and characteristics of the Liquid Metal
Fuel Reactor, fluid- and solid-fuel reactors should be compared, and a
distinction should be made between the features of fluid fuels in general
and those of liquid metal fuels in particular.
A reactor using a fluid fuel may have the following advantages over one
with solid-fuel elements:
(1) Simple structure. A fluid fuel can be cooled in an external heat
exchanger separate from the reactor core. Thus the nuclear requirements
(of the core) and the heat flow requirements (of the exchanger) need not
both be satisfied at the same place. This may allow design for very high
specific power. For example, material of high cross section, such as tungsten or tantalum, which could not be used in the core, could be used in the
heat exchanger.
(2) Easy fuel handling.
(3) Simplified reprocessing. The reduction to metal, fabrication, canning,
and dissolving steps are eliminated. Because manual steps in refabrication
are unnecessary, decontamination need not be complete. The cooling time
could be made much shorter, resulting in a smaller holdup of fissionable
material.
(4) Simplified waste disposal.
(5) Continuous removal of fission products. The removal of p01sons
would improve neutron economy and permit higher burnup. With a lower

*Contributed by F. T. Miles, Brookhaven National Laboratory.
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inventory of radioactive material, the potential hazard would be decreased;
this might reduce the size of the exclusion area required for safety.
(6) Inherent safety and ease of control. Any liquid fuel which expands
on heating gives an immediate negative temperature coefficient of reactivity. .This effect is not delayed by any heat-transfer process. The
rate of expansion is limited only by the speed of sound (shockwave) in the
liquid. This instantaneous effect tends to make the reactor self-regulating.
Adjustment of fuel concentration can be used as an operating control.
Disadvantages of fluid fuels are listed below:
(1) Possible fluctuations of reactivity caused by density or concentration changes in the fuel, e.g., bubbling.
(2) Loss of delayed neutrons in the fuel leaving the core.
(3) External holdup of fissionable material.
(4) Induced activity in pumps and heat exchangers and possible deposition of fuel and fission products.
(5) Corrosion and erosion problems. Each fuel system has its particular
corrosion problems. These differ greatly from one system to another, but in
every case corrosion is a critical problem which must be solved.
(6) High radiation levels in the reactor and in the component piping
require development of remote maintenance techniques.
18-2.2 Advantages and disadvantages of LMFR. Comparing one liquid
fuel system with another involves relative advantages and disadvantages.
Liquid metal solution systems (in particular, solutions of uranium in
bismuth) [5-12] have the following advantages over aqueous systems:
(1) Metals can be operated at high temperatures without high pressures.
(2) Metal solutions are free from radiation damage and do not give off
bubbles. By using liquid metals, therefore, two factors that may limit the
specific power of aqueous systems are avoided.
(3) Liquid metals have better heat-transfer properties than water.
(4) Metal systems do not have inherent moderating properties and can
be used for fast and intermediate reactors as well as for thermal reactors,
provided the critical mass requirements are not excessive.
(5) Liquid metals can be circulated by electromagnetic pumps if desired,
although the efficiency may be poor, as with bismuth.
(6) Some suitable metals, e.g., bismuth, are cheaper than D20.
(7) Polonium, formed from bismuth by neutron capture, may be a
valuable by-product.
Liquid-metal systems have the following disadvantages in comparison
with aqueous systems:
(1) The heat capacity is less than with water.
(2) The higher density may be a disadvantage.
(3) Liquid metals are more difficult to pump.
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(4) The absorption cross sections of the best metals (e.g., bismuth
0.032 barn) are inferior to D20, although better than H 20. The cross
section of bismuth may be low enough, however, to allow breeding of U 233
from thorium by means of thermal neutrons.
(5) For a thermal reactor, moderator must be supplied. ·
(6) The limited solubility of uranium in bismuth necessitates the use of
enriched U 235 or U 233 as fuel. Uranium-238 or thorium cannot be held in
solution in sufficient concentration to give internal breeding.
(7) Because of items (4) and (5) above, liquid metal fuel reactors are at
least 2 ft in diameter [13] and cannot be scaled down as far as aqueous
reactors can.
(8) The high melting point of most metals makes the startup of a reactor
difficult.
(9) Polonium may represent an additional hazard. However, if the
polonium remains with the fission products, it should not add to the problems already present.
<Ta=

18-3. LIQUID METAL FUEL REACTOR TYPES
As a solvent for liquid-metal fuels, bismuth is a natural choice because
it dissolves uranium and has a low cross section for thermal neutrons. As a
result, research work at Brookhaven National Laboratory has centered
on bismuth-uranium fuels. Other possible liquid-metal fuels are the Los
Alamos Molten Plutonium System (LAMPRE) [14] and dispersions of
uranium oxide in liquid metals, NaK [15] or bismuth [16]. The limited
solubility_ of uranium in bismuth is troublesome in some designs. More
concentrated fuels can be obtained by using slurries or dispersions of solid
uranium compounds in bismuth. Among the solids which have been suggested are intermetallic compounds [10] uranium oxide [16], uranium
carbide, and uranium fluoride. Use of a dispersion avoids the limited concentration but introduces other problems of concentration control, stability, and erosion.
Liquid metal fuel reactors would appear to be most useful for large
central station power plants [6,11,17-20] where the integrated chemical
processing, one of the attractive features of an LMFR system, would be
important.
The uranium-bismuth fuel system is flexible and can be used in many
designs. Although other types of liquid-metal systems are certainly possible,
the LMFR at Brookhaven is being designed as a thermal reactor in which
the fuel is dissolved or suspended in a liquid heavy-metal carrier. Ordinarily, the liquid metal is bismuth for highest neutron economy, but other
systems such as lead or lead-bismuth eutectic may be used. The moderator
is graphite, although beryllium oxide has also been considered.

18-3]
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Internally Cooled

One Fluid

Frn. 18-1. Classification of Liquid Metal Fuel Reactors.

Liquid metal fuel reactors are classified on the basis of their heattransfer characteristics (Fig. 18-1) [21]. If heat is transferred within the
core the reactor is said to be internally cooled. If heat is transported by the
fuel to the primary heat exchanger external to the core, the reactor is
externally cooled. The term "integral reactor" implies an externally cooled
system, but one so compact that the reactor and primary heat exchangers
can be placed in the same container.
Externally cooled LMFR's can be divided into two classes, single-fluid
and two-fluid. In the single-fluid reactor the fissionable and fertile materials are combined in a single fluid carrier, bismuth. This type of reactor
has no separate blanket, and conversion or breeding takes place within the
core fluid itself. The conversion ratio can be made to approach unity with
the proper choice of such parameters as core size, graphite-to-fuel ratio, and
thorium concentration. However, the most economic design is not necessarily the one having the highest conversion ratio (see Chapter 24). If
no fertile material is mixed with the fuel, the concept reduces to the simple
burner.
The two-fluid externally cooled LMFR (Fig. 18-2) is somewhat more
complex because it has a physically separate core and blanket, but higher
conversion ratios are possible. The blanket can be made in a variety of
ways, making use of either solid or liquid blanket materials. In exploiting
the LMFR concept to the full, a fluid blanket consisting of a slurry of
ThBi2 or Th0 2 in bismuth is used.
A variety of fuels is also possible. In the two-region reactor, critical
concentrations of uranium in bismuth could be below solubility limits;
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Fm. 18-2. Schematic diagram of LMFR, showing reactor, steam plant, and
chemical processing.

therefore solution fuels are possible. Such a fuel for the single-region reactors is possible only for small thorium loadings or for burners. Higher
fuel concentrations can be utilized only through the use of slurries. On the
basis of experiments, a maximum slurry content of 10 w/o (weight percent)
of either uranium or thorium as bismuthide compounds in bismuth can be
assumed. If an oxide slurry is used, approximately 20 w/o can be carried
by the bismuth. So far only fuels of U 233 and U 235 have been investigated
in the LMFR program.
18-4. LMFR

PROGRAM

In the following chapters detailed discussions of the liquid metal fuels
research, development, and engineering work are given. Practically all
the LMFR work is in the research and development stage. In the first
group of chapters, the physics, chemistry, and engineering design of the
LMFR are discussed. In the last chapters, several liquid metal fuel reactor designs, based on current research and development, are presented.
It should be understood that these are design studies and it is expected that
more than one liquid metal fuel experimental reactor will have to be built
and operated before a final commercial design is evolved.
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CHAPTER 19

REACTOR PHYSICS FOR LIQUID METAL REACTOR DESIGN*
The flexibility of liquid metal fuel systems is such that they range over
several different reactor categories. Liquid metal reactors may be designed
as fast, intermediate, or thermal systems, with either circulating or static
fuel systems. The reactor core components consist of a fuel carrier such as
molten bismuth or lead, and a moderator such as graphite or beryllium, if
the neutrons within the reactor core are to be thermalized. If the fuel is
stationary, a second fluid is required as the reactor coolant.
In the simplest system, a high-temperature liquid-metal solution or
slurry would be pumped through an externally moderated reactor core. For
such a reactor, the neutron physics probl.ems would be similar to those of
aqueous homogeneous systems. The chief difference would lie in the neutron spectrum, which would be higher because of weaker moderation and
higher operating temperatures.
The liquid-metal system that has received the greatest emphasis to date
is of the heterogeneous, circulating fuel type. This reactor, known as the
Liquid Metal Fuel Reactor (LMFR), has as its fuel a dilute solution of
enriched uranium in liquid bismuth, and graphite is used as both moderator
and reflector. With U 233 as the fuel and Th 232 as the fertile material, the
reactor can be designed as a thermal breeder. Consideration is restricted
here to this reactor type but, wherever possible, information of a general
nature is included.
19-1.

LMFR PARAMETERS

19-1.1 Cross sections. Most of the cross sections required for neutron
physics studies of the LMFR can be obtained from BNL-325. The following exceptions should be noted. The 2200 m/sec value of the absorption
cross section of graphite is given as 3.2 ± 0.2 mb. The best experimental
value however is 3.6 mb after correcting for the presence of such impurities
as B, N 2 , etc. Graphite of density 1.65 to 1.70 g/cm 3 is obtainable with
an absorption cross section of about 4 mb, including impurities. Graphite
of density 1.8 g/cm 3 or higher is becoming available, but the purity of
this high-density graphite has not been well established.
The 2200 m/sec value of the absorption cross section of Bi 209 is 32 ± 2 mb.
Two isomeric states of Bi 210 are formed, one of which decays by {3-emission
with a half-life of 5 days into Po 21 0.
*Contributed by J. Chernick, Brookhaven National Laboratory.
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19-1

PARAMETERS OF BI 209 RESONANCES

Eo(ev)

cror, barn-ev

810
2370

9400
7660

I

r, ev

5.8 ± 0.3
17 ± 1.5

Bismuth has prominent resonances at 810 ev and 2370 ev, largely due
to scattering. Breit-Wigner parameters obtained by Bollinger et al. at
Argonne National Laboratory are listed in Table 19-1. To determine neutron capture within these resonances, it is necessary to estimate the value
of the level width, r "Y· One method is to use the value of 0.5 b obtained
by Langsdorf (ANL-4342) for the resonance integral, which implies that
r "Y is about 150 mv. An analysis of Bollinger's data indicates that a more
likely value is about 50 mv.
High-energy cross sections of bismuth and lead are of secondary interest
in well-moderated liquid-metal reactors, but would become of prime interest in fast- or intermediate-energy reactors. On the basis of the known
levels and spin assignments for bismuth and lead, Oleksa of Brookhaven
National Laboratory has calculated cross sections that are in good agreement with experimental data. The (n, p) and (n, a) cross sections are negligible. The threshold for the (n, 2n) cross section in bismuth is high,
7.5 Mev. At 1.0 and 4.3 Mev the transport cross sections of bismuth are
calculated as 4.3 b and 4.2 b, respectively. The capture cross section at
1 Mev is 3.4 mb.
Inelastic scattering in bismuth is important in considering fission-energy
neutrons. The results of Oleksa's studies are presented in Table 19--2.
The lowest levels in Bi209 occur at 0.9, 1.6, 3.35 Mev, respectively. At
energies up to 2.6 Mev, Oleksa finds that the cross sections for scattering
into the individual levels are in good agreement with calculations based
on the Hauser-Feshbach model.
In a U-fueled liquid-metal system, the cross sections of the higher isotopes or uranium are of considerable importance in determining equilibrium concentrations of these isotopes and the time required to approach
their equilibrium. These equilibrium conditions require study because of
solubility limitations in a liquid-metal fuel reactor. The chain starts with
either U 235 or U 233 , depending on whether a converter or breeder reactor
is under consideration, and ends with U 237 because of its short half-life.
In addition, some U 238 may be present in the fuel. Thermal cross sections
are given in BNL-325.
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Other absorption cross sections of importance to high-power, high-fuelbun;mp reactors are those of the long-lived fission products and, in a U 233
breeder, that of Pa 233 • Despite a number of comprehensive studies of these
effects, accurate values may not be known until such reactors have been
in operation for some time. Fuel-processing studies for the LMFR, however, indicate that the poisoning effect can economically be maintained at
a few percent.
Although the LMFR is a heterogeneous reactor, the fuel and moderator
arrangements that have been proposed yield a core which is nearly homogeneous from the neutron physics viewpoint. The preferred core is an
impermeable graphite structure perforated with holes of about 2 in. diameter for passage of the liquid-metal fuel. The moderator volume is about
equal to that of the liquid metal, bismuth, which contains about 0.1 w/o
enriched uranium. Actually, the size of the fuel channels could be considerably increased without seriously increasing the flux disadvantage factor
and, hence, the critical mass of the reactor core.

19-1.2 Neutron age and diffusion length. The following formulas, appropriate for mixtures, have been used to obtain the diffusion area, £ 2 ,
and neutron age, r, of graphite-bismuth LMFR cores:
(19-1)

rc(l + R) 2

where

(19-2)

~

is the logarithmic energy decrement,
is the macroscopic scattering cross section,
~a is the macroscopic absorption cross section,
~tr is the macroscopic transport cross section,
the subscripts Bi and C indicate the macroscopic cross section for
the respective materials, and R is the bismuth-to-graphite volume
ratio.
~.

19-1.3 Reactivity effects. A problem unique to circulating fuel reactors
is the loss of delayed neutrons in the external circuit. Since the time spent
by the delayed-neutron emitters outside the reactor core is generally greater
than that spent within the core, a considerable fraction of the delayed neutrons may be wasted. In addition, since most of the delayed-neutron emitters are produced as gases, they may be carried off during degassing operations. For U 233 , the delayed neutron fraction in thermal fission is only
0.24%. Thus prompt critical may, in some cases, be as little as 0.1 %
excess reactivity.
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19

19-2

INELASTIC SCATTERING CROSS SECTION OF BI

E,Mev

umBi, barns

0.9
1.0
1.5
2.0
3.0
4.0
5.0
6.0
7.0
8.0
10.0

0
0.1
0.4
0.7
1.4
2.0
2.4
2.6
2.6
2.5
1.5

Coupled with this problem is the fact that the prompt temperature
coefficient (due to liquid metal expansion) in the LMFR system under
consideration is of the order of -5 X 10- 5 j°C. Thus, ignoring temperature
overshoots, which are discussed later, the magnitude of rapid reactivity
changes must be limited to avoid large metal temperature changes. The
total temperature coefficient of the LMFR runs about -1.5 X 10- 4 ; 0 c,
the delayed coefficient resulting primarily from increased neutron leakage
due to the heating of the graphite structure. While the slow response of
the graphite to power changes thus limits the size of the prompt temperature coefficient, it aids in stabilizing the system against small oscillations
at high power output.

19-1.4 Breeding. The LMFR can be operated as a breeder on the
U233-Th 2 32 cycle. The possible breeding gain is not large, since the value
of rJ for U 233 is about 2.3. The theoretical gain is at most 0.3, but a value
of 0.10 is about the maximum possible in a practical system. In fact,
optimization based on economic considerations would probably reduce the
gain to zero in any power breeder built in the near future. The gain is
reduced by competitive neutron capture in the core and blanket, and by
neutron leakage from the blanket and from the ends of the reactor core.
A problem not yet solved is that of a leakproof, weakly absorbing container that will separate the core and blanket. It is hoped that beryllium
or an impermeable graphite will provide such a container for the LMFRCroloy steel or tantalum containers about 1/4-in thick appear satisfactory
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from the mechanical and metallurgical standpoint but effectively wipe out
the potential breeding gain because of their absorption cross section.
A number of studies of the so-called immoderation principle have been
carried out in an attempt to reduce the neutron losses to the container.
By removing the bulk of the moderator from a small region on both sides
of the container wall the thermal neutron losses can be greatly reduced.
Several feasible mechanical designs embodying this principle have been
worked out by the Babcock & Wilcox Company.
19-2. LMFR STATICS

19-2.1 Core. The standard LMFR is predominantly thermal, nearly
homogeneous, and moderated by graphite. Thus age-diffusion theory is
applicable, and therefore the following formula can be used for a critical
system:
(19-3)
where B 2 is the buckling of the system, and

koo

= 1'Jf,

(19-4)

where 11 is the number of fast neutrons produced per thermal neutron
captured in the fuel, and f is the thermal utilization factor. The product
of the fast fission effect, E, and resonance escape probability, p, is assumed
equal to unity.
In view of the uncertainty in the value of r -r for bismuth, the validity of
neglecting resonance capture is still uncertain, and Monte Carlo studies
are planned at BNL to obtain lower limits for p as a function of channel
size and lattice pitch. For small channels, the homogeneous formula for f
is adequate, since consideration of self-shielding of the fuel reduces fin a
typical core by about 2%.
Studies have yielded for buckling the typical values given in Table 19-3 [1]
for both U 233 and U 235 as the fuel in a graphite moderator at an average
core temperature of 475°C.

19-2.2 Reflector. In order to apply the above results to reflected reactors, it is necessary to determine the'-reflector savings, which can be
obtained from conventional two-group theory. This method could also
be used to estimate the critical size of the reactor but, for small cores, twogroup theory underestimates the size of graphite-moderated reactors.
Two-group results obtained for typical reflectors are given in Table
19-4 [1] for a cylindrical reactor system surrounded by a large reflector.
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19

19-3

BUCKLING OF GRAPHITE-MODERATED LMFR CORES

VBi/Vc

I

Nu/Nm= 0.6 X 10- 3

1 Nu/Nm=

1 X 10- 3

1

Nu/Nm= 1.5 x 10- 3

U233 Fuel
0.25
0.50
1.00
1.50
2.00

6.64 X 10- 4cm- 2
8.20
8.09
7.33
6.59

9.51 X 10- 4cm- 2
10.70
9.82
8.60
7.60

11.85 X 10-4cm-2
12.50
10.95
9.43
8.22

U235 Fuel
0.25
0.50
1.00
1.50
2.00

6.05
7.43
7.25
6.53
5.68

8.65
9.63
8.74
7.64
6.72

TABLE
REFLECTOR SAVINGS OF

U 235-B1

10.72
11.19
9.71
8.30
7.23

19-4

CORES MODERATED BY GRAPHITE

Core
Reflector

VBJVc=

1

2

1

2

Reflector
Nu/Nm= 0.6 X 10- 3 0.6 X 10- 3 1.5x10- 3 1 X 10- 3
Graphite
2.10 ft
1. 71 ft
1. 66 ft
2.10 ft
1.62
2.00
2.01
90%C-103 Void
1.63
V c-Vm-VTh:
85- 5- 0
1.69
2.04
2.04
1.65
85-15- 0
1.66
1.97
1.59
2.01
0.70
0.82
85-10- 5
0.78
0.87
70-20-10
0.58
0.68
0.65
0.73
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19-2.3 Critical mass. The results of age-diffusion theory are in good
agreement with multigroup calculations for predominantly thermal LMFR
reactors. At higher fuel concentrations, however, the age theory overestimates the critical mass, as shown in Table 19-5 [1]. The differences in
critical mass estimates are large only for weakly moderated reactors.
TABLE 19-5
CRITICAL MASS AND DIAMETER OF U 235-FUELED LMFR
SPHERES WITH A 90-cM GRAPHITE REFLECTOR
Age-Diffusion
Nu/NBi

VBi-U/Vc

Diameter, ft

I Mass, kg

Multigroup
Diameter, ft

I Mass, kg

Graphite-moderated

1 x 10- 3
1 x 10- 2

0.25
1.0
2.0
0.25
1.0

4.38
3.88
4.15
2.57
2.79

2.73
4.77
7.79
5.50
17.69

4.52
3.81
4.04
2.28
2.24

3.02
4.53
7.15
3.89
9.20

3.88
2.94
3.04
1.66
1. 73
1.94

1. 92
2.07
3.05
1.49
4.19
7.87

Beryllium-moderated

1 x 10- 3
1 x 10- 2

0.25
1.0
2.0
0.25
1.0
2.0

3.86
3.08
3.29
1. 90
2.11
2.43

1.87
2.37
3.86
2.22
7.70
15.55

19-2.4 Breeding. The conversion ratio obtainable in liquid metal systems depends on a number of variables, such as the fuel and fertile material
concentrations, the fission-product processing methods, losses to the core
container, etc. In a feasibility study of the LMFR conducted by the
Babcock & Wilcox Company, currently practical reactor designs were
reported (BAW-2) with conversion ratios ranging from 0.8 to 0.9, depending on whether an oxide slagging or fused salt method was used for
nonvolatile fission-product processing. The U /Bi atomic ratio was low
(0.6 X 10- 3 ) and a 2!3 Cr-13 Mo steel core container was used, both
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choices tending to reduce the possible breeding ratio.
the neutron balance are given in Table 19-6 [6].
TABLE

19

The estimates of

19-6

NEUTRON BALANCE OF TH 232 ,

Production per U 233 absorption

(CHAP.

U 233

BREEDER

Scheme A
Oxide slagging

Scheme B
Fused-salt process

2.31

2.31

1.00
0.13
0.05
0.12
0.02
0.12
0.80
0.02
0.05

1.00
0.13
0.05
0.03
0.02
0.12
0.89
0.02
0.05

Losses: Absorption in
u233

Bi

c

Fission products
Higher isotopes
Croloy structure
Th
Pa
Leakage

19-2.5 Control. Because of its prompt temperature coefficient, the
LMFR is expected to be stable. Nevertheless, it represents a completely
new and untested system. There are a number of ways in which the
reactivity of the system can change, for example, with changes in inlet
temperature, concentration, or velocity of the fuel, and changes in xenon
concentration, delayed neutron emitter concentration, and blanket composition. Most of these changes are expected to be gradual, but they can
be sufficiently large to require the use of control rods. Inherent stability
has not been demonstrated in operating reactors except over a limited
range in reactivity and power output. In a reactor with a high-velocity
coolant there may occur sudden changes of reactivity which are too fast
for conventional control. Thus both inherent stability against sudden
reactivity changes and control rods for large but gradual reactivity changes
are needed until considerable experience has been gained in operation of
the reactor.
Studies have been carried out at BNL on control requirements for an
LMFR experiment. The control requirements depend not only on the
choice of operating temperatures, the possible xenon and fission-product
poisoning, etc., but also on conceivable emergency situations such as errors
in fuel concentration control. In a reactor with a full breeding blanket, the
control requirements may have to include the effect of complete loss of
the breeder fluid.
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For a 5-mw experiment, control of 153 reactivity appears to be ample
and can be obtained with four 2:!-3 Cr-13 Mo steel rods of about 2-in.
diameter. Blacker rods containing boron could, of course, be used to increase reactivity control. A study of various arrangements of identical
rods in a ring around a central rod indicates that the optimum position of
the ring occurs at about 1/4 of the distance from the reactor center to the
(extrapolated) radius of the reactor core.
It would be highly desirable to use sheaths for control rods in order to
eliminate the problem of rod insertion through a heavy liquid metal. Steel
sheaths are not satisfactory, since they reduce the breeding ratio in a
liquid-metal power breeder and reduce the over-all thermal flux in an
experimental reactor. The solution to the problem may lie in the development of structurally sound beryllium sheaths.
19-2.6 Shielding. Shielding of an LMFR is complicated by the necessity
of shielding an external circuit in which the delayed neutron emitters and
fission products decay.
Calculations by K. Spinney at BNL indicate that even for a 5-Mw
experimental reactor, about 5.5 ft of concrete are required as a neutron
shield around the reactor cell. Gamma shielding of the cell requires about
8.5 ft of ordinary concrete or 4.5 ft of BNL concrete (703 Fe). For this
reason, it has been proposed that heavy concrete be used as the shield for
the 5-M w reactor. For the rest of the circuit, including the degasser,
pumps, heat exchanger, etc., the advantage of using BNL concrete is
less evident.
19-3. LMFR

KINETICS

A number of fundamental studies of the kinetics of circulating fuel
reactors have been carried out at ORNL and by Babcock & Wilcox Company. A review of the subject has been given by Welton [2]. At low power,
the equations governing the system are linear and complicated chiefly by
the feedback of delayed neutrons. General results for the in-hour relation
have been obtained by Fleck [3] for U 233 - and U 235-fueled reactors. At
high power, the kinetics are much more complicated and there is a real
question whether the response of a complex reactor can be accurately predicted in advance of its operation. Bethe [6] has strongly recommended
the use of oscillator experiments to determine reactor transfer functions.
Despite such experiments, however, the mechanism responsible for the
resonances observed in EBR-I has, to date, not been satisfactorily explained.
There are two methods of treating the kinetics of a reactor. In the openloop method, the inlet temperature is taken as constant. The justification
for this procedure is that this condition generally prevails during rapid
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transients, the feedback of information through the external system being
slow by comparison. The method, however, suffers from the defect that it
cannot reveal instabilities associated with the entire circuit. In the closedloop method, the external system, or a reasonable facsimile, is coupled to
the reactor system. The representation of the reactor, however, is generally
oversimplified because of the complexity of the over-all system.
Although the set of kinetic equations that include temperature effects
are nonlinear, the linearized equations are satisfactory for the investigation
of stability and the qualitative transient behavior. A large subset of equations is required to properly treat the effect of the delayed neutron emitters.
Again, however, lumping the delayed neutrons into a single group, or
neglecting them altogether, always appears to lead to qualitatively, if not
quantitatively, correct results.
A study of the temperature-dependent open-loop kinetics of the LMFR
has been carried out by Fleck [4]. The effect of delayed neutrons and the
delayed moderator temperature coefficient were neglected. Under these
conditions, Fleck found that the reactor responded rapidly and with little
overshoot in temperature when subjected to the largest permissible reactivity excursions.
Using a method developed at the Oak Ridge National Laboratory
(ORNL-CFl-56-4-183) for homogeneous systems, the Babcock & Wilcox
Company has studied the stability of the LMFR against small oscillations.
The results show that the LMFR models under study are stable up to
power densities 100 to 1000 times greater than the nominal design level.
Fleck has also examined the transient pressures in LMFR cores by treating the bismuth as a frictionless, compressible fluid. He found that the
maximum pressures developed during conceivable transients were quite
small. The assumption sometimes made, that the fluid external to the core
can be represented as an incompressible slug·, was found to overestimate
the transient pressures.
In general, heterogeneous reactors possessing both a small prompt
(positive or negative) fuel temperature coefficient and a large delayed
negative moderator temperature coefficient can be expected to exhibit
oscillatory instability at sufficiently high power. However, elementary
models indicate that power levels high enough to cause such instability
are not achievable in present reactors. Further study of the complex heattransfer transients in reactor systems is still required before reactor stability can be assured.
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CHAPTER 20

COMPOSITION AND PROPERTIES OF LIQIDD-METAL FUELS*
20-1.

CORE FUEL COMPOSITION

In Chapter 18, the advantages and disadvantages of liquid metal fuels
were discussed in a general way. The point was made that a liquid-metal
fuel has no theoretical limitation of burnup, suffers no radiation damage,
and is easily handled for fission-product poison removal. In this chapter,
the results of research and development on various liquid-metal fuels are
presented. This work has been largely concentrated on uranium dissolved
in bismuth.
At the contemplated operating temperatures of approximately 500°C,
it was found that uranium has adequate solubility in bismuth when present
by itself. However, as the work progressed, it soon became evident that
other materials would have to be added to the solution in order to obtain a
usable fuel. The present fuel system contains uranium as the fuel, zirconium as a corrosion inhibitor, and magnesium as an oxygen getter.
An LMFR operating on the contemplated Th 232 to U 233 breeding cycle
can be designed with an initial U 233 concentration of 700 to 1000 ppm in
bismuth. The actual figure, of course, is dependent upon the specific design and materials used. In Chapter 24, in the design studies, such figures
are given. The concentrations of zirconium and magnesium are each approximately 300 ppm. It is contemplated that these concentrations will
have to be varied depending upon desired operating conditions. In their
use as corrosion inhibitor and antioxidant there is enough leeway for this
purpose.
The fuel described in the previous paragraph is the clean fuel which would
be charged initially. During reactor operation, however, fission products
will build up in the fuel and would be maintained at a level dictated by the
economics of the chemical reprocessing system used. It has been found
that the fission products and other additives to the bismuth have an important effect on the solubility of uranium in bismuth. These have been
carefully investigated in order to permit selection of reactor temperatures
that will ensure that all the uranium remains in solution during reactor
operation. Likewise, the solubility of steel corrosion products has been investigated to determine their effect on uranium solubility in bismuth.
*Based on contributions by D. H. Gurinsky, D. G. Schweitzer, J. R. Weeks,
J. S. Bryner, M. B. Brodsky, C. J. Klamut, J. G. Y. Chow, R. A. Meyer, R. Bourdeau, and 0. F. Kammerer, Brookhaven National Laboratory.
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FIG. 20-1. Solubility of uranium in bismuth.

It is important to note that although the basic fuel is a simple one, the
uranium used for liquid metal fuel reactors using the Th-U 233 cycle must
be almost completely enriched 233 or 235 in the initial charge. Further,
since the concentrations are measured in parts per million by weight, it is
not an easy matter to maintain a strict accounting of all fuel. When dealing with such small amounts, losses due to reaction of uranium with
carbon and adsorption of uranium on steel and graphite walls can be significant.
The fuel for the LMFR is still under extensive study. At present, most
of the major information for the design of an LMFR experiment is at hand.
This information is primarily solubility data and other fuel information,
presented in the following pages.

20-2.

SOLUBILITIES IN BISMUTH

20-2.1 Uranium. The experimental techniques used to measure solubilities in liquid bismuth have been described previously [1,2]. Several
workers [3-7] have investigated the solubility of uranium and bismuth.
Recently, with improvements in analytical techniques, redetermination of
the solubility curve has been undertaken. The latest results are at variance
with the older work of Bareis [5], as shown in Fig. 20-1. It can be seen
that the recent data obtained at Brookhaven National Laboratory are, at
some temperatures, as much as 20 to 25% lower than those obtained some
years ago.
This variance in solubility determinations may be due to several factors,
but it is believed that the improved techniques are more reliable, and that
the newer values are consequently more precise. The presence of such
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FIG. 20-2. Solubility of uranium and thorium in bismuth.
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FIG. 20-3. Solubility of plutonium and uranium in bismuth.
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other materials as nickel, copper, manganese, etc., in the bismuth in quantities large enough to affect the uranium solubility still remains to be investigated. For example, nickel has been shown to markedly reduce the
uranium solubility in bismuth [1].
It is obvious that even slight variations of the solubility of uranium in
bismuth might be of considerable importance in LMFR reactor design.
The solubility of uranium, according to the preferred data (the solid curve
in Fig. 20-1), allows a rather small leeway in uranium concentration in the
reactor cycle when the lowest temperature of 400°C in the heat exchangers
is taken into account.
20-2.2 Thorium and plutonium. The solubility of thorium in bismuth,
as determined by Bryner, is compared with the solubility of uranium
in Fig. 20-2. In the temperature range 400 to 500°C, the solubility of
thorium is markedly lower than that of uranium. In fact, it is so low that
a breeding cycle using only thorium in solution with bismuth cannot be
carried out.
To fill out the information on fissionable fuel solubility in bismuth,
Fig. 20-3 shows the solubility of plutonium in bismuth, as determined at
the Los Alamos National Laboratory. In comparing plutonium with
uranium, it is seen that plutonium is significantly more soluble.
20-2.3 Fission-product solubility. The solubilities of most of the important fission products have been determined, and are shown in Fig. 20-4.
In general, all the fission products are soluble enough so that they '"ill stay
in solution throughout the reactor cycle. This is not true of molybdenum
however. Attempts at determining the solubility of l\Io have indicated
that it is less than 1 ppm (the limit of detection) at temperatures below
800°C. Since a fair amount of the Mo is produced by fission, this means
that a sludge might form during reactor operation. (Beryllium presents
similar difficulties, since at temperatures below 800°C the solubility of
Be has been shown to be less than 10 ppm.)
20-2.4 Magnesium and zirconium. The solubility of magnesium in
bismuth in the temperature range 400 to 500°C is approximately 5 'vt.3,
which is considerably higher than the amounts of magnesium being considered in this work (300 ppm). Little work has been done on this particular determination at Brookhaven.
The solubility of zirconium in bismuth has been determined and is shown
in Fig. 20-5. This information is important in showing that the saturation
solubility of zirconium is very close to the amounts desired for corrosion
inhibition in the temperature range 400 to 500°C.
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Frn. 20-4. Solubility of fission products in bismuth.

20-2.5 Solubility of corrosion products in bismuth. An alloy steel is
contemplated as the tube material for containing the circulating fuel in
the LMFR. Hence it has been pertinent to determine the solubility of alloy
steel constituents in bismuth. Figure 20-6 shows the solubilities of iron,
chromium, nickel, and manganese, all of whose solubilities are fairly high
from a corrosion point of view. Kickel and manganese are particularly
high.
The solubility of titanium is shown in Fig. 20-7. It has been shown [8]
that titanium will reduce the mass-transfer corrosion of steels by liquid
bismuth.
20-2.6 Solubilities of combination of elements in bismuth. The effect
of Zr on the U solubility. The mutual solubilities of uranium and zirconium
in bismuth have been measured over the temperature range 325 to 700°C.
The data are plotted in Fig. 20-5. When bismuth is saturated with zirconium, the uranium solubility is appreciably decreased. On the other
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Frn. 20--5. Mutual solubility of uranium and zirconium in bismuth.

hand, only a slight decrease is noted in the Zr solubility. The addition of
1000 ppm magnesium had no effect on either the uranium or zirconium
solubility. This, of course, is in considerable excess of the quantity of magnesium contemplated for use in the fuel.
The mutual solubility effects were further studied by determining the
ternary system U-Zr-Bi at three temperatures, 375, 400, and 425°C.
These are shown in Fig. 20-8.
The effect of fission products on the solubility of U-Bi. Considerable work
has been done on determining the mutual solubility effect of fission products on uranium and bismuth. A good typical example is shown in Fig.
20-9, which shows that the solubility of uranium and bismuth is affected
by 250 ppm Zr, 350 Mg, 60 Nd, 15 Sm, 15 Sr, 10 Cs, and 8 Ru. There is
little doubt that this small amount of fission products, 120 ppm, has a
small but definite effect on uranium solubility.
Effects of additives on solubility of corrosion products in liquid bismuth.
The ordinary concentrations of zirconium (250 to 300 ppm) do not affect
the equilibrium iron solubility at temperatures from 500 to 700°C. For
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higher concentrations (above 700 ppm zirconium), the iron solubility is
increased in this same temperature range.
Zirconium in all concentrations up to saturation does not affect the solubility of chromium in bismuth.
Uranium, with magnesium additions up to 2000 ppm, does not affect
the solubility of iron in bismuth. The possible effects on chromium solubility are not known at this time.
Chromium has a marked effect on the solubility of iron, whereas the
chromium solubility itself is not affected. An apparent solubility product
is observed as is shown in Fig. 20--10 by the line titled "Apparent solubility product. Below 450°C, the iron solubility appears to be increased by
saturating the solution with chromium. Above that temperature, the iron
solubility is markedly reduced by chromium.
Titanium, at concentrations greater than 100 ppm, has been found to
reduce the iron solubility in the temperature range 475 to 685°C [9].
20-2. 7 Salts. In some of the contemplated chemical fuel processing
methods the liquid bismuth fuel will be brought in contact with chloride
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and fluoride salts. A typical chloride salt is the eutectic mixture of
NaCl-KCl-MgCb. It is important that none of the salts dissolve in the
bismuth and get carried over into the core, since chlorine is a neutron
poison. Preliminary investigations at BNL indicate that the solubility of
these chloride salts is less than the detectable amount, 1 ppm.
20-3. PHYSICAL PROPERTIES OF SOLUTIONS

20-3.1 Bismuth properties.
listed in Table 23-1.

The physical properties of bismuth are

20-3.2 Solution properties. Little work has been done on determining
physical properties of the solutions. The available results indicate that
the small amount of dissolved material does not appreciably affect the
physical properties of density, viscosity, heat capacity, and vapor pressure.
For design purposes, the properties of pure bismuth can probably be used
with safety.
20-3.3 Gas solubilities in bismuth. The question of the solubility of the
fission-product gases xenon and krypton in bismuth is of extreme importance. In particular, Xe 135 , a strong neutron poison, must be removed
from the system as fast as it is formed in order to have a good neutron
economy.
Attempts at measuring and calculating the solubility of these gases in
bismuth have proved extremely difficult, because of the extremely small
solubilities. Mitra and Bonilla [10] have measured the solubility of xenon
in bismuth at 492°C as 8 X 10- 7 atom fraction at atmospheric pressure.
On the other hand, McMillan [11] has calculated the solubility as 10- 12
atom fraction at 300°C. It is probable that the amount of gases produced
in the reactor lies between these two determinations. At present, the question of xenon and krypton solubility in bismuth is open to more intensive
research.
20-4. FUEL PREPARATION
Fuel has been prepared at BNL by simply dissolving the solid uranium,
magnesium, and zirconium in molten bismuth. The solids are usually in
the form of small chips and are placed in a small metal basket which is
then suspended in the bismuth.
20-5.

FUEL STABILITY

It is essential to maintain a homogeneous fuel and to prevent the uranium
from concentrating in any particular region of the reactor. Stability tests
have been conducted to determine conditions necessary for keeping the
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uranium in solution by preventing its reaction with the steel and graphite
of the system. Measurements have also been made of the rate of oxidation
of uranium in the liquid fuel stream. This study indicates the effect of an
accidental air leak during the reactor operation.
20-5.1 Losses of uranium from bismuth by reaction with container materials. Early attempts to make up uranium-bismuth solutions resulted
in about a 503 loss of uranium even though very high-purity bismuth
(99.993) was used. Apparently the uranium reacted with the few impurities in bismuth or adsorbed on the walls of steel containers. Sandblasting and acid-pickling of the container walls, deoxidizing the bismuth
by hydrogen firing, and adding 250 ppm Zr and 350 ppm Mg before introduction of U reduced this loss to about 53. It is possible that even this
53 loss may not be real, but is attributable to analytical and sampling
techniques.
Only small decreases in the zirconium and magnesium concentrations
have been observed, and in tests where titanium was used as an oxygen
scavenger, no loss of U was observed.
When the fuel solution is brought in contact with graphite, usually 10 to
153 of the uranium is lost from the solution. Apparently it reacts with the
graphite or impurities present in the graphite. Research on this is under
way at present. However, it is proving to be extremely difficult since the
amounts of materials involved are so small.
Since zirconium reacts with graphite to form zirconium carbide in
preference to uranium forming uranium carbide, addition of zirconium to
the solution should help prevent loss of uranium. This effect has been
observed.
Generally it has been found that zirconium concentration will initially
drop and then maintain a constant level throughout the exposure of the
fuel solution to graphite.
20-5.2 Reaction of fuel solution with air. Should an air leak occur in
the LMFR, the uranium, magnesium, and zirconium will all tend to oxidize in preference to the bismuth. Figure 20-11 shows the results of an
experiment in which air was bubbled through fuel kept at a temperature
of 405°C. These results indicate that the preference of oxidation is in the
order magnesium, uranium, zirconium.
The reaction data indicate that the uranium oxidation rate is one-half
order dependent on the U02 present. The magnesium oxidation rate, in
general, is first order with respect to magnesium concentration. Other
experiments show that if additional amounts of magnesium are added to
the solution after the oxidation, most of the U0 2 can be reduced back to
uranium. These data are given in Table 20-1.
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TABLE
REDUCTION OF

20-1

U02

T°C

U (ppm)
as U02
before addition of
Mg

U (ppm)
present in
solution
before addition of
Mg

Mg (ppm)
added

·405
400
360
360

960
150
510
550

10
530
310
10

6600
5000
2500
1000

BY

Ma

IN BI

U (ppm)
Time after
in solution
Mg addiafter Mg
ti on
added

25min
48 hr
10 hr
48 hr

710
660
460
290

% U02*
reduced

75-100
90
30
50

*The values listed as % U0 2 reduced are probably lower than equilibrium
values, since the samples were taken at arbitrary times after the Mg was added.
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Work on fuel stability is obviously of great importance, and is being
continued. Very little has been done so far on observation of stability
under neutron bombardment. A program is getting underway for the study
of radiation effects on the fuel concurrently with a study of corrosion
effects. For this purpose the Brookhaven Pile will be used together with
Radiation Effects Loop No. 1.
20-6.

THORIUM BISMUTHIDE BLANKET SLURRY

20-6.1 Status of development. In developing a blanket system for the
LMFR, it has seemed logical to select one which is as similar as possible to
the core fuel. After considerable evaluation the principal emphasis has
been placed upon a bismuth fluid containing thorium bismuthide in the
form of very small particles. This is commonly called the thorium bismuthide slurry system.
Since this fluid has practically the same physical properties as that of
the core, it would be possible to balance pressures across the graphite wall
separating the blanket from the core and, in the event of mixing the core
and blanket fluids, no violent reactions would ensue. Furthermore, from a
chemical processing point of view, an all-metallic blanket system offers
considerable advantage when pyrometallurgical processing techniques
are used.
This does not mean that other types of blankets are not being studied.
Work is concurrently under way on thorium oxide-bismuth slurries. Also,
thorium carbide, thorium fluoride, and thorium sulphide slurries are under
consideration.
At the Ames Laboratory (Iowa State College) the solution of thorium
in magnesium has received considerable attention in the past few years.
This is a true solution, and certainly offers another possibility for a blanket
fluid. However, unless an absolute method for keeping the magnesium
solution separate from the core bismuth solution is found, this system
would be hazardous when used with the contemplated uranium-bismuth
core fluid, since magnesium and bismuth will react violently and cause
a marked temperature rise.
20-6.2 Chemical composition of thorium bismuthide. The thorium
bismuthide intermetallic compound discussed in this section has the chemical formula ThBi2. This compound is 35.7 w/o thorium. A second compound, Th3Bi4, also can exist and has been observed in alloys containing
greater than 50 to 55 w/ o thorium.
20-6.3 Crystal chemistry of thorium bismuthide. ThBi 2 has a tetragonal
crystal structure (with ao = 4.942 A, and c0 = 9.559 A) containing two thorium atoms and two bismuth atoms per unit cell. The density as determined
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by x-ray measurement, is 11.50 g/cc at 25°C. It is estimated to be approximately 11.4 g/cc at 550°C.
ThaBi4 has a body-centered cubic structure (ao = 9.559 A) containing
12 thorium atoms and 16 bismuth atoms in the unit cell. The density is
11.65 g/cc.
Ordinarily, when thorium bismuthide is prepared at 500°C, very srriall
equiaxed particles (less than 0.5 micron) are formed. These equiaxed
particles grow until they reach the average size of 50 to 60 :qiicrons, and
under certain conditions they can grow to considerably larger dimensions.
When a 5 to 10 w/o thorium bismuthide slurry is cooled from a temperature of complete solution (above 1000°C), ThBi 2 precipitates in the
form of platelets having diameter-to-thickness ratios greater than 50:1.
The plane of the platelet is parallel to the 001 plane of the crystal. Platelet
diameters up to 1 cm have been observed in alloys cooled at moderate
rates. The diameters can be decreased by increasing the cooling rate.
Whereas equiaxed particles tend to grow equally in all three dimensions,
it has been found that the platelets, when heated isothermally at temperatures above 300°C, tend to grow faster in thickness than in diameter. The
solid particles thus tend to approach an equiaxed shape. The rate of approach to equiaxiality increases as the temperature of isothermic treatment is increased.
Considerable work has been carried out on control of crystal structure
and size. The addition of tolerable amounts of Li, Be, Mg, Al, Si, Ca, Ti,
Cr, Mn, Fe, Co, Ni, Cu, Zn, Zr, Mo, Pd, Ag, Sn, Sb, Te, Pa, La, Ce, Tr,
Nd, Ta, W, Pt, Pb, and U has little effect on the mode of thorium bismuthide when it is precipitated. It has been found, however, that tellurium
inhibits the thorium bismuthide particle growth, agglomeration, and deposition during thermal cycling. The platelet mode of bismuthide precipitation is not modified by addition of tellurium. The amount of tellurium
used in these experiments has been 0.10 w/o.
The mechanisms by which tellurium additions inhibit ThBi 2 particle
growth, agglomeration, and deposition are as yet uncertain. Although
additions of tellurium in larger concentrations decrease the solubility of
thorium in bismuth markedly, the concentration of tellurium required for
inhibition decreases the solubility only slightly. These small amounts of
tellurium appear to be associated with the solid phase rather than the
liquid phase. They do not appear to alter the crystal structure.
It has been observed that under certain conditions ThBiz particles
suspended in liquid bismuth can be pressure-welded to one another and to
container materials by the forces of impact. This pressure-welding phenomenon has been observed at 525°C and higher temperatures. Since this
phenomenon might cause plugging by agglomeration at points of high
impact, it will be necessary to take this factor into account in the design
of slurry circulation systems.
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20-6.4 Thorium-bismuth slurry preparation. Dispersions of small equiaxed particles of ThBi2 in bismuth can be prepared by heating finely
divided thorium, in the form of powder or chips, in contact with liquid bismuth at 500 to 600°C under an inert atmosphere. The intermetallic compound is formed by an exothermic reaction at the thorium-bismuth
interface, when the convex radius of curvature of the thorium surface is
suitably small. The compound exfoliates into the liquid as agglomerates of
very small particles (less than 0.5 micron). These small particles grow
very rapidly, the larger at the expense of the smaller, as equiaxed single
crystals of ThBb. Rapid growth ceases when the maximum crystal dimensions approach approximately 50 to 60 microns. The time necessary
for. complete reaction varies with the dimensions of the thorium. For
example, 325-mesh thorium powder reacts completely in 5 min at 500°C,
thorium chips 1/2" X 1/8" X 0.010" require 2 hr at 500°C, and thorium
chips 3/4" X 3/16" X 0.020" require 13 hr at 500°C. The thorium dimensions have only a slight effect upon the ultimate particle size. The reaction
can be accelerated by raising the temperature. Higher temperatures,
however, increase both the particle size and the tendency to form sintered
agglomerates rather than single crystals.
If thorium powder is added to the liquid bismuth surface at the reaction
temperature, it is necessary to stir the thorium into the liquid. Otherwise
a crust of intermetallic compound forms on the surface which is rigid enough
to support subsequent additions, thus preventing contact between the
thorium and the bismuth.
During the reaction, evolution of an unidentified gas (possibly hydrogen
from thorium hydride) has been observed. It is necessary to stir the slurry
under vacuum to remove the undesirable trapped bubbles of this gas.
A photomicrograph of a typical slurry produced by the exfoliation
method is shown in Fig. 20-12. The dark ThBi 2 particles appear in a
white matrix of solidified bismuth. The method has been used to prepare
90-lb batches of slurry and may readily be adapted to tonnage-scale preparation. The method is suitable for preparation of the initial blanket charge,
but would probably not be used for slurry reconstitution during subsequent
blanket processing.
A modification of this method has been studied in which finely divided
thorium from a supernatant mixture of fused chlorides is electrolytically
deposited on a molten bismuth cathode at the desired temperature [13].
The thorium must be stirred through the interface. Slurries that are satisfactory with respect to thorium content and particle size and shape have
been produced by the electrolytic method in batches of up to 10 lb. No
evolution of gas has been detected during the thorium-bismuth reaction.
Unfortunately, the necessary stirring introduces chloride inclusions which
are difficult to remove completely. Since these inclusions would decrease
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Fm. 20-12. 5 w/o Th-95 w/o Bi. Dispersion of equiaxed ThBb particles in Bi
Produced by heating Th chips in Bi at 500°C for 2 hr. (150X)

the efficiency of neutron utilization in a breeder blanket because of the
high cross section of chlorine, the electrolytic method of slurry preparation
must, at present, be considered unsatisfactory.
Another preparation method for thorium-bismuth slurry is by quenching
and heat treatment. In this method a solution of thorium, for example
5 w/o, is very rapidly cooled from about 1000°0 down to about 600°0.
This can be accomplished by pouring a hot solution into a container having
a sufficiently high heat capacity or by pouring the hot solution into an
equal volume of liquid bismuth heated just above the melting point. When
this is done tiny platelets are formed.
As will be discussed in the following section, the platelet form of crystal
is unsatisfactory from a fluidity point of view. When these fine platelets
are heat-treated for 20 min at 800°0, or for 5 min at 900°0, dispersions of
ThBi2 particles having maximum dimensions less than 100 microns and
diameter-to-thickness ratios equal to or less than 5 to 1 are produced.
Platelet formation during cooling is avoided by agitating the slurry to
suspend the particles.
Figure 20-13 shows the fine platelets produced by the quenching and
Fig. 20-14 shows the larger particles produced from these fine platelets
by the heat treatment at 800°0 for 20 min. Such a slurry exhibits high
fluidity after concentration to 10 w/ o thorium by removal of excess liquid
phase, and is suitable for use in the reactor blanket.
Other possible ways for reconstituting a satisfactory slurry after heating
to complete solution involve the use of ultrasonic energy [14]. It has been
demonstrated that application of ultrasonic energy to a thorium-bismuth
solution during cooling causes the formation of essentially equiaxed particles
rather than platelets. It has also been demonstrated that application of
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Frn. 20-13. 5 w/o Th-95 w/o Bi. Dispersion of ThBh platelets in Bi. Alloy
heated to 1000°C and quenched by pouring into graphite crucible at 25°C. (150X)
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Frn. 20-14. 10 w/o Th-90 w/o Bi. Dispersion of reconstituted ThBh particles
in Bi. Produced by heating fine-platelet dispersion to 800°C for 20 min. (150X)

ultrasonic energy to platelet dispersions causes the platelets to break up
into essentially equiaxed fragments.
20-6.5 Engineering studies of slurries. The intermetallic compound
ThBh is quite soft, having a Rockwell 15-T hardness of approximately
60 at room temperature. It is brittle at room temperature but appears to
exhibit some ductility at 400°C. The compound is pyrophoric and must be
protected against oxidation.
When slurries of equiaxed bismuthide in bismuth are prepared, they are
fluid at temperatures above the melting point of bismuth, 271°C. In
these slurries the solid phase is in thermodynamic equilibrium with the
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liquid phase and is perfectly wetted by it. At the proposed reactor temperatures (350 to 550°C) practically all the thorium in the slurry appears
in the solid phase, since the solubility in the liquid is very low.
The ideal slurry composition represents a balance between a desire for a
high thermal neutron utilization factor (i.e., a high thorium content) and
the necessity for high fluidity. Fluidity studies have shown that the upper
limit of thorium concentration for high fluidity at reactor temperatures is
approximately 10 w /o of thorium. This corresponds to 24.93 by volume
of ThBi 2 , and a thermal neutron utilization factor of 0.957. Although the
viscosity of Th-Bi slurries has not been measured, calculations based on
the viscosity of liquid bismuth and the behavior of similar systems indicate
that at 550°C the viscosity of a 10 w /o Th suspension of 50-micron, equiaxed ThBi 2 particles should be approximately 2.5 centipoises. It has been
observed that increasing the thorium content beyond 10 w / o Th causes a
disproportionately large increase in the viscosity, so that the consistency
approaches that of a mud or paste. The maximum thorium concentration
for high fluidity decreases when the ThBh particle shape departs significantly from an equiaxed shape.
The density of liquid bismuth varies from 9.97 at 350°C to 9.72 at 550°C,
and should not be changed appreciably by the small amount of thorium
dissolved at these temperatures. Therefore the solid particles should sink
in the liquid. Although settling rates have not been measured, the magnitude of expected settling rates can be calculated. The settling rate for
100-micron spheres at 550°C, as calculated by Stokes' Law, is 0.030 fps.
The settling rate in a 10 w / o Th-Bi dispersion of 100-micron spheres at
550°C, as calculated by the hindered settling equation, is 0.0026 fps.
It has been observed in small systems that equiaxed ThBh particles
settle to a relatively stable layer in which the thorium concentration is
approximately 15 w / o Th. Such layers can be redispersed by mild agitation of the supernatant liquid. When the thorium concentration in the
settled layer is increased to 18 to 20 w / o Th (by centrifugation, for example), the viscosity of the layer is so high that mechanical agitation of
the layer itself is necessary to redisperse the particles.
Experiments have shown that the viscosity of a 10 w/o Th slurry, using
platelets of 50- to 100-micron size, is so high as to make the slurry completely unsuitable for use.
Slurry behavior under conditions of reactor blanket operation. It is anticipated that the slurry would be contained in a low-permeability graphite
within the reactor blanket. For heat removal and processing, the slurry
would be circulated externally through pipes and heat exchangers fabricated of low-chromium steel or comparable material. During circulation
for heat removal, the slurry would be subjected to thermal cycling between
a probable maximum temperature of 550°C in the blanket and a possible
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minimum of 350°C in the heat exchangers. Capsule and pumped-loop experiments have been carried out to study the behavior of the slurry under
conditions of thermal cycling and flow.
In the capsule experiments, small specimens of slurry are caused to flow
back and forth at 6 cycles/min in periodically tilted tubes fabricated of
the container material under test. The tubes, which are sealed under
vacuum, are heated to a higher temperature at one end than at the other.
When specimens of slurry containing 10 w/o Th, with and without additions of 0.025 w/o zirconium, were cycled between 350 and 550°C in 2f3
Cr-1 % Mo steel tubes, nearly all the ThBi2 was deposited ·in the cooler
ends of the tubes in less than 500 hr. Examination of the deposits disclosed
that a deposit due to mass transfer of the steel had formed on the tube
walls prior to deposition of the ThBi2. This suggested that mass transfer
of the steel may have been instrumental in starting the ThBi2 deposition,
perhaps by roughening the walls or perhaps by altering the composition
of the tube surface.
Specimens of 5 w / o Th slurries have been cycled for 500 hr between 350
and 580°C in graphite tubes with no evidence of plug formation. In these
experiments, a relatively rapid increase in ThBi2 particle size (from 50 to
225 microns in 500 hr) was observed. This increase was due to particle
agglomeration rather than growth of single crystals. No evidence of graphite erosion was observed.
Specimens of slurries containing 10 w/ o thorium and 0.10 w / o tellurium
have been cycled between 350 and 580°C in graphite, and between 350
and 5W°C in 2f3 Cr-13 Mo steel for 500 hr with no evidence of ThBi2
plug formation or mass transfer of the steel. The specimens showed no
increat:e in the maximum particle dimension and no particle agglomeration.
When a specimen of slurry containing 10 w/ o Th, 0.10 w/ o Te was cycled
at higher temperatures in a 2!3 Cr-13 Mo steel tube, mass transfer of
steel and deposition of ThBb in the cooler end were observed after less
than 100 hr.
Slurries containing up to 7 w/ o Th and minor additions of zirconium
have been circulated through small 2!3 Cr-13 Mo steel loops by means
of a propeller pump. Isothermal circulation at 450°C has been carried
out for more than 450 hr at velocities between 0.3 and 1.5 fps, with no
difficulty in circulation or maintaining suspension. Attempts to circulate
these t:lurries through a temperature differential, however, have resulted
in the formation of ThBi2 deposits in the coldest section of the loop. In
a modified loop containing a graphite liner in the finned-cooler section,
isothermal circulation was maintained without difficulty. ThBi 2, however,
again deposited in the finned-cooler section when a temperature differential
was applied.
When a slurry containing 7 w/o Th. 0.025 w/o Zr, and 0.10 w /o Te was
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circulated in a 2t3 Cr-13 Mo steel loop through a temperature differential, ThBi2 deposited in the finned-cooler section. The rate of buildup
of the deposit was markedly less than in the case of slurries containing no
tellurium.
The problem of ThBi2 deposition during circulation through a temperature differential is one which must be solved before the Th-Bi slurry is
acceptable as a fluid breeder-blanket material. The favorable results obtained by tellurium additions in the capsule experiments offer hope that
the problem can be solved.
20-7.

THORIUM COMPOUND SLURRIES

20-7.1 Thorium oxide. Probably the best blanket material, next to the
thorium bismuthide slurry, is the suspension of thorium oxide in bismuth.
The thorium-oxide slurry should be compatible with the graphite and steel
in the reactor structure. Experiments have shown that Th02 is wetted
by the liquid bismuth if some zirconium or thorium is dissolved in the bismuth. Slurries of 10 w /o thorium oxide have been prepared.
The separation of thorium oxide from the liquid bismuth for processing
could be achieved by mechanical means, and the oxide could then be
processed by the existing Thorex process.
The thorium-oxide blanket slurry is gaining increased attention. A
loop of several pounds per minute capacity has been completed for forced
circulation of. the oxide slurries at BNL and an 800 lb/min loop is ready
at Babcock' & Wilcox.
20-7.2 Other thorium compounds. A small amount of attention has
been directed toward ThC2, ThS, and ThF 4 slurries in bismuth. However, the major effort is on the thorium bismuthide and thorium-oxide
slurries.
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CHAPTER 21

MATERIALS OF CONSTRUCTION-METALLURGY*
21-1. LMFR MATERIALS

21-1.1 Metals. Alloy steel. For maximum power production, it is desirable to operate an LMFR at the highest possible temperature consistent
with the mechanical properties and corrosion resistance of the materials
of construction. A maximum temperature of 500°C or higher is deemed
desirable for economically attractive operation of the reactor. No materials have yet been found that are mechanically strong at these temperatures, readily fabricable, and also completely resistant to corrosion by the
U-Bi fuel.
This does not mean that there is no hope for obtaining a good material
for holding bismuth fuel. On the contrary, very significant advances have
been made in the past few years. It must be realized that before work was
started on liquid metal fuel reactors, very little was known about the
solubility and corrosion characteristics of liquid bismuth with reference
to containing materials. There is general optimism that continuing research
and development will lead to suitable materials for containing the U-Bi
fuel system.
The low-alloy steels offer a good compromise for use in the he~t exchanger, piping, and reactor vessel, particularly since their corrosion resistance can be greatly improved by the addition to the fuel of Zr+ Mg
as corrosion inhibitors. Nickel-containing stainless steels cannot be used,
despite their good high-temperature mechanical properties, because of
the high solubility of Ni in Bi, and the greatly lowered U solubility in the
presence of this dissolved Ni. Extensive engineering and fundamental
studies have been made on the corrosion of the low alloy steels by inhibited
U-Bi, as well as the mechanism of corrosion inhibition. Radiation effects
are currently being investigated.
Of course, besides steels, there are other materials, notably the rarer
metals, which have characteristics making them suitable for certain uses
in a liquid-metal system. However, unless the cost and ability to fabricate
these materials can be improved significantly, heavy dependence will have
to be placed upon alloy steels for the main containment problem.
*Based on contributions by D. H. Gurinsky, D. G. Schweitzer, J. R. Weeks,
J. S. Bryner, M. B. Brodsky, C. J. Klamut, J. G. Y. Chow, R. A. Meyer, R. Bourdeau, 0. F. Kammerer, all of Brookhaven National Laboratory; L. Green, United
Engineers & Constructors, Inc., Philadelphia, Pa.; and W. P. Eatherly, M. Janes,
and R. L. Mansfield, National Carbon Company, Cleveland, Ohio.
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21-1.2 Graphite. In the LMFR, graphite is considered as the principal
choice for the moderating material because of its availability, cost, and
knowledge of its characteristics under radiation. However, there are additional special requirements for the graphite in the LMFR system. It not
only is the moderator, but is also the container material for the U-Bi
solution in the reactor. Hence it should be impervious to the liquid metal
and mechanically strong.
Experimental work at BNL has shown that graphite can be used directly
in contact with the fuel stream without danger of corrosion. By preferentially reacting to form ZrC at the fuel-graphite interface, the Zr corrosion
inhibitor also prevents reaction of the U and fission products with the
graphite. Special grades of graphite are being developed that appear to
have the desired mechanical strength and low porosity required for use as
moderator and reflector in the reactor. Reactions of graphite with the
fuel, and the possible effects of pile radiation on these reactions, are described in the following sections.
21-2. STEELS
21-2.1 Static tests. In order to attack the steel corrosion problem in a
basic manner, solubilities of the various components and combinations
have been determined. Most of these solubilities are given in Chapter 20.
However, more solubility work, important from a corrosion point of view,
is discussed here.
Solubility of steel components and inhibiting <ldditives in liquid Bi. Iron.
The solubilities of iron in Bi, Bi+ 0.1 %Mg, Bi+ 0.23 U + 0.1 %Mg, and
Bi+ 0.1 3Mg+saturation Zr are given in Fig. 21-1. Uranium and Mg,
in the quantities added, have no effect on the iron solubility over the
temperature range 400 to 700°C. Zirconium increases iron solubility
slightly at temperatures above 500°C. Titanium (which might be present
as a corrosion inhibitor) has been found to decrease the iron solubility at
temperatures above 450°C, the extent of this decrease being proportional
(but not linearly) to the amount of Ti in the liquid. Below 400°C, there
appears to be a considerable increase in the iron solubility. For example,
Bi containing 1600 ppm Ti dissolved only 303 as much iron as pure Bi at
690°C, while Bi containing 300 ppm Ti (saturation) at 350°C dissolved
more than ten times as much iron as pure Bi.
Zirconium. The solubility of Zr in Bi is given in Fig. 20-5. This appears
to be unaffected by the presence of Mg, Cr, or Fe in the liquid metal.
Chromium. The solubility of Cr in Bi is given in Fig. 20-6. This also
appears to be unaffected by the presence of Mg, Zr or Fe in the liquid
bismuth. However, the presence of Cr in Bi causes a marked reduction in
the iron solubility.
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Fm. 21-1. Solubility of Fe in Bi alloys.

Miscellaneous data. The Fe-Zr intermetallic compound ZrFe 2 appears
to decompose when added to Bi, Zr dissolving approximately to its normal

saturation and Fe somewhat in excess of its normal solubility in the presence
of Zr. The amount of excess Fe present in the liquid metal can possibly
be attributed to a finite solubility of the undissociated intermetallic compound ZrFe2.
The solubility of Ta in Bi is estimated to be less than 0.01 ppm (detection limit) at 500°0.
The solubility of Ni in Bi is close to 5% at 500°0 and probably greater
than 1% at 400°0.
The solubility of Mg in Bi is close to 4% at 500°0 and 2% at 400°0.
Surface reactions. Experimental evidence has shown that the corrosion
resistance of steels in Bi is in part due to the formation of insoluble films
on the steel surfaces. The effect of these films on the corrosion behavior of
different steels is not readily determined by thermal convection loop experiments because of the relatively low temperatures (400 to 550°0) and long
times associated with such tests. The comparative behavior of different
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steels and different films is more easily obtained from high-temperature
(600 to 850°C), short-time, static contact tests.
Steel specimens approximately 1/2 in. wide, 2 in. long, and 1/8 in. thick
are cleaned and given various surface treatments, such as sandblasting,
chemical etches, polishes, etc. Six to ten different materials are then placed
in a vacuum furnace, heat-treated as desired, and immersed in a Bi alloy
containing the desired additives. The crucible used to contain the liquid
metal is either a material inert to Bi, such as Mo or graphite, or the same
material as the specimen. After contacting, the samples are removed from
the solution at temperature and allowed to cool in He or in vacuum. The
adherent Bi is removed from the steel by immersing in Hg at 200°C in a
vacuum or inert atmosphere. After rinsing, the residual adherent Hg is
completely removed by vacuum distillation at 100 to 200°C. The cleaned
surfaces are examined by x-ray reflection techniques, utilizing a North
American Phillips High Angle Diffractometer.
Surface reaction of zirconium, titanium, and magnesium. When pure iron
was contacted with bismuth containing radioactive zirconium tracer for
1 hr at 450°C, a Langmuir type adsorption of the zirconium on the iron
crucible surface was obtained. Increasing the temperature to 520°C and
the contact time as much as 24 hr showed an increased amount of reaction.
The structure of this deposit is not known. On the other hand, when pure
iron is contacted in saturated solutions of zirconium in bismuth for times
ranging from 100 to 300 hours at 500 to 750°C neither corrosion nor x-ray
detectable surface deposits occur. At concentrations of zirconium below
saturation value, pure iron is extensively attacked.
A tightly adherent, thick, uniform, metallic deposit was found on the
surfaces of pure Fe dipsticks contacted with liquid Bi saturated with Ti
at 650 to 790°C. In all cases the x-ray patterns were the same but could
not be identified. The 15- to 25-micron layers were carefully scraped off
and chemically analyzed. The results corresponded to a compound having
the composition FeTi4Bi2.
Pure Fe and 2!-3 Cr-13 Mo steel samples contacted with 2.5 w/o Mg
in Bi at 700°C for 250 hr showed no deposit detectable by x-ray diffraction.
Slight uniform intergranular attack was observed on all the samples.
Pure Fe samples contacted with Bi solutions containing 0.563 Mg
+ 170 ppm Zr, and 0.233 Mg+ 325 ppm Zr at 700°C were not attacked
and did not have detectable surface films. These solutions acted similarly
to those saturated with Zr.
Reactions of steels with UBi solutions. Uranium nitride (UN) deposits
have been identified on the surfaces of 53 Cr-1/23 Mo, 2!-3 Cr-13 Mo,
Bessemer, and mild steels, after these samples were contacted with Bi
solutions containing U or U +Mg. Extensive attack always accompanied
UN formation, indicating that this film is not protective. Nitrogen analyses
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made on these contacted specimens show that depletion of the N in the
steel is much more rapid than it is when the same steels are contacted with
solutions containing Zr.
Reactions of steels with Bi solutions containing combinations of Zr, Mg,
U, Th, and Ti. Deposits of ZrN, ZrC, and mixtures of the two have been
identified on many different steels contacted with Bi solutions containing
Zr with or without combination of Mg, U, and Th. No corrosion has ever
been observed on such samples contacted at 600 to 850°C for 20 to 550 hr,
nor have films other than ZrN or ZrC been found. When a mild steel was
contacted with Bi containing 1000 ppm Zr and 200 ppm Ti at 650°C, x-ray
examination showed strong lines for TiN and a less intense pattern of TiC.
Considerable difficulty was experienced in establishing the correct unit
cell dimension for the nitrides and carbides of Zr and Ti. Many different
values may be found in the literature. The inconsistency in the data
probably can be attributed to the existence of varying amounts of C, 0,
or N in the samples. Table 21-1 gives the parameters determined by a
number of investigators. The values of a 0 used in this research were those
given by Duwez and Odell [l]. These compared favorably with the values
found on test specimens, powdered compact samples, and ZrN prepared
by heating Zr in purified N 2 at 1000°C for 20 hr.
A nondestructive x-ray method of measuring film thickness has been developed for this research [2]. The x-rays pass through the film and are
diffracted by the substrate back to a counter. The intensity is reduced by
the absorption of the film. Unknown conditions of the substrate are
eliminated by measuring the intensity of two orders of reflection or by
measuring the intensity of a reflection using two different radiations. The
method is accurate to about 20%.

TABLE

21-1

PUBLISHED X-RAY PARAMETERS FOR THE UNIT CELLS OF
ZRC, TIC, ZRN, AND TIN
(CUBIC, NACl-TYPE)

ZrC
TiC
ZrN
TiN

Becker and
Ebert [20]

Van Arkel
[21]

Kovalskii and
Umanskii [22]

Dawihl and
Rix [23]

4.76
4.60
4.63
4.40

4.73
4.26
4.61
4.23

4.6734
4.4442

4.31

4.234

4.236

Duwez and
Odell [24]
4.685
4.32
4.567
4.237
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21-2

ORIGINAL ANALYSES AND FILMS FORMED ON SPECIAL STEELS
USED IN STATIC TESTS

Material

5Cr-~Mo

2:fCr-1Mo
2:fCr-1Mo
2:fCr-1Mo
2:fCr-1Mo
2:fCr-1Mo
Bessemer
Carbon
2:fCr-1Mo
2:fCr-1Mo
2:fCr-1Mo
2:fCr-1Mo
2:fCr-1Mo
li.Cr-~Mo

RH 1081 (0.3 Ti)

%Al
(Sol)

%N
(Tot)

0.016
0.003
0.055
0.003
0.06
0.009
0.003
0.007

0.023
0.042
0.050
0.01
0.047
0.013
0.009
0.005
0.015
0.054
0.013
0.015
0.015
0.014

0.44
0.014
0.022
0.02
0.02

EHN*

0.0002
0.0001
-

0.0003
0.0001
0.0002
0.0001
0.015
0.025
0.009
0.010
0.011
0.010.

% Nas
EHN
1.0
0
-

1.0
1.0
2.0
2.0
100
50
70
70
75
70

Film
formed
ZrN

"
"
"
"
"
"
"
ZrC

"
"

"

"
"

"

*EHN: Ester-halogen insoluble nitrogen. This is believed to be an indication
of the nitrogen combined as AlN or TiN in steels [26].

E.ffect of steel composition and heat treatment. It has been found experimentally that some steels with very similar over-all compositions behave
quite differently in the same static corrosion tests. Films that form on
these materials range from pure ZrN to pure ZrC. Table 21-2 gives typical
analyses selected from the more than 100 steels run in static corrosion tests,
and identifies the surface films. After contacting, the only changes in
analyses were found in the total nitrogen remaining and the amount of
ester halogen insoluble nitrogen (EHN) present in the steels. The only
significant difference in analyses between nitride-formers and carbideformers in Table 21-2 is found in the relative amounts of EHN. The
carbide-formers have more than 503 of the total nitrogen combined as
EHN, while the nitride-formers have only a few percent of the total nitrogen combined. At present, the relationship between the N, Al, Cr, and the
Mo contents of the steels and their film-forming properties is not obvious.
Some excellent nitride-formers have very low nitrogen content, while some
carbide-formers have high nitrogen content. The same holds true for the
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Al, Cr, and Mo contents of the steels. The EHN content of a steel can be
readily changed by short-time heat treatment at. 700°C and higher [:)], so
that this variable is controllable within limits.
To a first approximation, the corrosion resistance of a particular steel is
enhanced by high "inhibitor" concentrations and/or the presence of insoluble adherent films formed on the steel surface. The first of these conditions is neither desirable nor practical in a solution-type fuel reactor because of the adverse effect of Zr on the U solubility. At present, work is
being done to measure quantitatively the effects of different alloying constituents on the activities of N and C in steels. Consider the following
reactions:
Zr(Bi) + Ncsteel)

ZrN(film),

(21-1)

ZrcBi) + Ccsteel)

ZrCcmm)·

(21-2)

Assuming that the films are insoluble in Bi, then at equilibrium
KczrN)

1

1

= (azr )( aN )'and KczrC) = (azr) (ac )

(21-3)

If the products of the Zr activity in the Bi with the activities of the N and
C in the steel are not sufficient to satisfy the respective equilibrium constants, the reactions will not occur, and the steel will not form ZrC or
ZrN films. If the activity products are greater than the constants, KczrCJ
or KczrN), the reactions will proceed until the activities are lowered to these
values. Thus, for a fixed Zr activity, the activities of N and C in the steel
determine whether the carbide and nitride film-producing reactions should
occur. The excess of N or C above these equilibrium values should be a
measure of the driving force of reactions (21-1) and (21-2) to the right.
Solution rate tests. The solution rates of Fe into Bi, and Bi+ Zr and Mg,
were measured in crucibles of a carbon steel, a 2!3 Cr-13 Mo, a 53
Cr-1/23 Mo, and an AISI type-410 steel. The crucible, Bi, and additives
were equilibrated at 400 to 425°C, the temperature rapidly raised to 600°C,
and the concentration of Fe in solution measured as a function of time.
Results are shown in Fig. 21-2. In the presence of Zr+ Mg, the 53
Cr-1/23 Mo and the AISI type-410 steels dissolved at approximately
the same rate, while the 2!3 Cr-13 Mo steel dissolved more slowly. No
detectable dissolution of Fe from the carbon steel was measured in 44 hr
at 610°C. These results are parallel to the thermal convection loop results,
and consistent with the film-formation studies in that the measured solution rates are inversely proportional to the ability and rate at which the
steels form ZrN films. At present no data are available on rates of solution
for ZrC-forming steels.
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Fm. 21-2. Dissolution of Fe into Bi (plus additives) at 600°C from steel crucible.

Rates of precipitation. The rate of precipitation of iron from bismuth in
a pure iron steel crucible is very rapid. Iron precipitated from bismuth,
saturated at 615°C, as rapidly as the temperature could be lowered to
425°C. The addition of Zr plus Mg to liquid metal did not change the rapid
precipitation of most of the iron from the bismuth under .these same conditions, but produced a marked delay in the precipitation of the last amount
of iron in excess of equilibrium solubility. An apparently stable supersaturation ratio of 2.0 was observed for more than 7 hr at 425°C in a
pure iron crucible containing Bi + 1000 ppm Mg + 500 ppm Zr, and 1. 7
for more than 48 hr at 450°C. In a 5% Cr steel crucible, a supersaturation ratio of iron in Bi+ Mg+ Zr of 2. 9 was observed after 24 hr at 425°C.
This phenomenon may be due to the ability of the formed surface deposits
to poison the effectiveness of the iron surface as a nucleation promotor or
catalyst, the different supersaturations observed being due to the relative
abilities of a Zr-Fe intermetallic compound or of ZrN to promote nucleation of iron. This observed supersaturation suggests that mass transfer
should be nearly eliminated in a circulating system in which the solubility ratio due to the temperature gradient does not exceed the measured "stable supersaturation" at the cold-leg temperature.
Precipitation rate experiments made in AISI type-410 steel crucibles
show that Zr+ Mg stabilize Cr supersaturations of 2.0 to 3.0 for more
than 24 hr. However, no Cr supersaturation was found during precipitation rate experiments made in pure Cr crucibles when Zr+ Mg were
present in the melt [4]. The measured supersaturations should therefore
be due to the films present on the steel surfaces.
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21-2.2 Corrosion testing on steels. The research effort on materials for
containment of the LMFR has been concerned mainly with low-alloy
steels having constituents which have low solubilities in Bi, such as C, Cr,
and Mo. Although the solubilities of Fe and Cr are only 28 and 80 ppm
respectively at the intended maximum temperature of operation, severe
corrosion and mass transfer are encountered when pure Bi or a U-Bi solution is circulated through a temperature differential in a steel loop. This
results from the continuous solution of the pipe material in the hot portion
of the system and subsequent precipitation from the supersaturated solution in the colder portions. Zirconium additions to U-Bi greatly reduce
this corrosion and mass transfer.
The behavior of steels in U-Bi is studied in three types of tests. Thermal
convection loops are used to test materials under dynamic conditions. In
these, the fuel solution is continuously circulated through a temperature
differential in a closed loop of pipe. Variables such as material composition, maximum temperature, temperature differential, and additive concentrations are studied in this test. More than sixty such loops have now
been run at BNL. The principal limitation in these tests is that the velocities obtained by thermal pumping are extremely low when compared with
the LMFR design conditions.
Forced circulation loops are used to study materials under environments
more closely approximating LMFR conditions. Three such loops are now
in operation at BNL and two more are under construction. A very large
loop (4 in. ID) which will circulate U-Bi at 360 U.S. gpm and transfer
about 2! X 106 watts of heat, is now under construction and is expected to
go into operation late this year.
Static tests, as discussed previously, in which steels are isothermally immersed in high-temperature U-Bi containing various additives, are used
to study their corrosion resistance and the inhibition process as a function
of additive concentration and steel composition. Most of the tests have
been performed on a 2!3 Cr-13 Mo steel (Table 21-3). However, some
tests have also been made with higher Cr steels, Ii% Cr-1/23 Mo,
1/23 Cr-1/23 Mo, and carbon steels.
21-2.3 Thermal convection loop tests at BNL. A typical thermal convection loop that has been used at BNL is shown in Fig. 21-3. The loop
is provided with a double-valve air lock at the top of the vertical section
which permits taking liquid metal samples while the loop is running without
contaminating the protective atmosphere. The hot leg is insulated and
heat is supplied to that section of the loop while the cold leg is exposed and
two small blowers are utilized to extract heat. The hottest point in the
loop is at the "tee" at the upper end of the insulated section, and the coldest
in the bottom of the exposed section. The total height of the loop proper is

TABLE

21-3

COMPOSITION OF STEELS TESTED

c

Mn

Si

P(max)

S(max)

Cr

Mo

0.08
0.07
0.31
0.10-0.20
0.15
0.15
0.15
0.15
0.15
0.15 max
0.08max

0.85
0.42
0.12
0.3-0.61
0.3-0.6
0.3-0.6
0.3-0.6
0.3-0.6
0.3-0.6
1.00
2.00 max

0.01
0.009
0.14
0.1-0.3
0.5-0.1
0.50
0.50
1.0-2.0
0.25-1.0
0.75
0.75

0.09
0.056
0.018
0.045
0.045
0.045
0.045
0.045
0.045
0.030
0.030

0.27
0.022
0.020
0.045
0.045
0.030
0.030
0.03
0.03
0.030
0.030

-

-

0.28-0.33
0.73
2.75

0.4-0.6

0.2-0.35

0.04

0.04

Steel
Carbon Steel
Bessemer
RH 1081
1/2Cr-1/2Mo*
ltCr-1/2Mo*
2iCr-1Mo*
5Cr-1/2Mo*
5Cr-Si*
9Cr-1Mo*
AISI Type 410*
18Cr-8Ni
AISI Type 304 *
AISI 4130*
Rex AA*
Stellite 90*

*Nominal composition.

-

0.5-0.81
1.0-1.5
1.9-2.6
4-6
4-6
8-10
11. 5-13. 5
18-20

0.45-0.66
0.45-0.66
0.87-1.13
0.45-0.65
0.45-0.65
0.9-1.1

0.8-1.1
4.0
27.0

0.15-0. 25

-

Others

-

0 30 Ti
-

-

Ni 0.50 max
Ni 8-11

V 1.15; W 18 Bal Fe
Fe balance

21-2]

753

STEELS

D

Fm. 21-3. Thermal convection loop. A. Air lock. B. Hot leg. C. Cold leg.
D. Fans. E. "Tee" connection. F. Melt tank with AISI type-410 steel filter
bottom.

approximately 15 in. and the total length of the loop is approximately
40 in. With this configuration, the flow rate is approximately 0.05 fps
when Bi is circulated with a 100°C temperature differential. Temperature
differentials ranging from 40 to 150°C can be conveniently applied to the
loop. Radiographic inspection of the loop while in operation is periodically
made to monitor it for corrosion at the hottest section and deposition at
the coldest section. The inside of the steel pipe for the loop is either acidcleaned or grit-blasted. The pipe is then cold-bent to the desired shape,
and welded at the "tee" by the inert-gas shielded-arc process.
The general procedure for running the loop is as follows: (1) Solid Bi
is charged into the melt tank. (2) The entire system is leak-checked with
a mass spectrometer. (3) The Bi is melted and introduced into the uniformly heated (550°C), fully insulated loop through a 35-micron AISI

TABLE

21--4

SUMMARY OF THERMAL CoNvEcTION Loop DATA

All loops were fabricated from 1/2 IPS Sch 40 pipe of the steel indicated

Test
no.

Additives, nominal
composition, ppm

Welding
rod

Steel

u
-1
2
3
4
5

Zr

Others

Max

2!Cr-1Mo

5Cr-tMo

-

-

-

"
"

350
350

250
250

"

1000

350

2!Cr-1Mo

1000

5Cr-tMo

1000
1000

"

"

"

"
"

6

"

"

"

7

"

"

8
9

"
"

"
"

"

"

Normalized
and tempered

-

1000
1000
1000
1000
1000

"
"
"
"

"

"

"

"

2!Cr-1Mo

1000

Min

Diff.

Duration
of test,
hr

-

550
550
550
550
550

510
475
432
460
450

40
75
118
90
100

405
310
260
13,550
11,673*

250

-

550

450

100

10,928

350

250

-

525

425

100

9,834*

350
350

250
250

-

500
600
600
600

400
550
525
500

100
50
75
100

10,869*
5,643
2,686
4,152*

500

400

100

5,295*

350

Results

---

--

"
"
"

10

Mg

Liquid metal
temperature, °C

325

-

-

Plugged
Plugged
Plugged
No corr; no deposition
Weld corr. (5Cr-1/2Mo);
moderate deposition
Weld (5Cr-1/2Mo) and
pipe corr.; moderate
deposition
Pipe corr.; slight deposition
No corr.; slight deposition

Weld corr. (5Cr-1/2Mo)
moderate deposition
Weld (2!Cr-1Mo) and
pipe corr.; slight deposition

13

2iCr-1Mo
Be insert
2iCr-1Mo
graphite insert
2iCr-1Mo

14
15

11
12

1,631 *

2iCr-Mo

1000

350

325

-

500

400

100

5Cr-!Mo

1000

350

350

-

550

440

110

15,086

"

"

1000

350

250

-

550

440

110

16,906

2iCr-1Mo

"

"

1000

350

250

-

525

400

125

10,649*

2iCr-1Mo
nitrided after
welding
2iCr-1Mo

"

"

1000

350

250

-

550

425

125

10,425*

"

"

1000

350

250

-

550

420

130

5,323

"

"

1000
1000

350
350

250
250

-

Carbon steel

650
550

500
415

150
135

1,180
12,356

1000
1000
1000
1000

350
350
350
350

250
325
400
325

-

liCr-!Mo
liCr-!Mo

RH1081
liCr-!Mo
liCr-!Mo
liCr-!Mo

23

5Cr-Si

5Cr-!Mo

1000

350

250

-

450
500
525
500
550
550

415
405
425
400
440
420

135
95
100
100
100
130

8,231 *
8,538*
9,194*
963
6,240*
3,340

24

9Cr-1Mo

9Cr-1Mo

1000

350

250

-

550

400

150

6,025

16
17
18
19
20
21
22

2iCr-1Mo
Bessemer
Carbon steel
RH1081
!Cr-~Mo

-

-

*Test in progress as of 3/15/58. Time indicated is duration at temperature differential.
based on radiographic inspection.

No corr.; slight depositi on
Severe corr.; moderate
deposition
Corroded through at
weld (5Cr-1/2Mo);
moderate deposition
Weldcorr.(5Cr-1/2Mo);
moderate deposition
No corr.; slight deposition
Heavy pipe corr.; heavy
deposition
Plugged; severe corrosion
No corr.; no deposition
No corr.; no deposition
No corr.; no deposition
No corr.; slight deposition
No corr.; slight deposition
Slight corr.; some deposition
Severe corr.; very heavy
deposition

Results indicated for these loops are
continued

TABLE

Test
no.

Steel

Welding
rod

25
26

18Cr-8Ni
2!Cr-1Mo

18Cr-8Ni
5Cr-!Mo

27

2!Cr-1Mo

5Cr-!Mo

28
29

2!Cr-1Mo
2!Cr-1Mo

5Cr-!Mo
5Cr-!Mo

21-4 (continued)

Additives, nominal
composition, ppm

u

Zr
Mg
-1000 350 250

Others
-

-

-

450Th

1000

-

400

400Th

1000
1000

350

-

-

250

-

lOOOTi
500Ca

Liquid metal
temperature, °C
Max.

Min. Diff.
--550
400
150
50550
500-480
70
435
115
550
550
550

445
450

105
100

Duration
of test,
hr

Results

630
1,294

Plugged; severe corr.
Plugged; severe corr.

8,567

Severe corr.; very heavy
precipitation
Plugged; severe corr.
Plugged

6,413
2,374
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type-410 stainless-steel filter. (4) Zr and Mg are introduced into the loop
through the air lock. (5) The Bi in the loop is sampled, using a graphite
sample extractor, to check for additive concentration. (6) Uranium is
added if additive concentrations are as desired; if necessary, additive
concentrations are adjusted prior to U addition. (7) The temperature differential is obtained by removing the insulation from the cold leg and
starting the fans. The temperature differential is usually applied in two
steps, first 40°C and then the differential at which the loop is to operate.
(8) The entire loop is radiographed every 750 hr. (9) The liquid metal is
sampled at regular intervals. (10) After completion of the test the entire
loop is sectioned longitudinally and transversely for metallographic examination.
In Table 21-4, data from 29 thermal convection loop experiments at
BNL are summarized. The first three loops were fabricated from 2!3
Cr-13 Mo steel pipe and the U-Bi solution was not inhibited. Loops No. 4
to 17 inclusive were made with 2!-3 Cr-13 Mo steel and inhibited with
Mg and Zr. Loops No. 18 to 25 inclusive were fabricated from various
types of steels, ranging from Bessemer to 183 Cr-83 Ni austenitic steels.
Loops No. 26 to 29 were made from 2!-3 Cr-13 Mo steel pipe. The purpose of these tests was to study the effectiveness of Ca, Th, and Ti as inhibitors.
It can be seen from the first three tests that deposition in the cold legs of
uninhibited loops after a few hundred hours is sufficient to stop flow. These
tests show conclusively that uninhibited U-Bi solution causes serious mass
transfer of this steel even at a temperature differential as low as 40°C.
Metallographic examination of the hot legs of these loops showed a generalized intergranular attack.
The data from loops inhibited with 350 ppm of Mg and 250 to 350 ppm
Zr (loops No. 4 to 17) show that mass-transfer rate can be decreased considerably by the introduction of these additives. This effect is attributed
to the formation of a ZrN film on the steel surface [4,5]. The data demonstrate, however, that this film is not completely protective in 2!3 Cr-13
Mo steel system. Test No. 4 indicates that for a differential in the order of
90°C, the film was sufficiently protective to prevent corrosion or deposition
in 13,550 hr of test. For temperature differentials of 100°0 or higher, incipient corrosion can be expected in about 5000 to 6000 hr. Some of the
2!- Cr-1 Mo loop sections were joined with 5 Cr-1/2 Mo welding rod. This
higher chromium material has lower resistance to inhibited U-Bi than the
pipe, so that corrosion generally starts at these welds. Increasing the
temperature of the hot leg seems to increase the rate of corrosion, as illustrated by the results of loops No. 5 to 9 inclusive, which were all tested
at 100°0 temperature differential.
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Loop No. 10, which was normalized from 954°C and tempered at 732°C
after welding, stood up poorly when compared with other tests. The heattreating was done in an argon atmosphere, and no subsequent alteration
was made to the surface left by the heat treatment. This heat treatment
was thought, from some observations in the pumped loops, to improve corrosion resistance. It is believed that the poor results of test N o. 10 are due
to alteration of the surface during the heat treatment and not to the
metallurgical structure of the steel. Loops No. 11 and 12 had Be and graphite inserts in the hot leg to study their effect on mass transfer and also the
stability of U, Mg, and Zr concentrations. No detrimental effects on either
have been observed.
Loop No. 15, made of a 2! Cr-1 Mo steel that was internally nitrided to
a depth of 0.015 inch, appears to be standing up much better than other
2! Cr-1 Mo loops tested at a 125°C temperature differential. The added
nitrogen in the steel probably promoted the formation of the ZrN film. A
slight loss in Zr has been observed in this test, but other additive concentrations have remained constant.
Results of tests No. 18 to 25 show that higher-alloyed steels are inferior
to the carbon steels in inhibited U-Bi. Loop No. 18, fabricated from
Bessemer carbon steel, showed exceptional resistance to U-Bi. Metallographic examination of this loop indicated no evidence of corrosion or
deposition after 12,356 hr of operation at 135°C temperature differential.
X-ray diffraction studies of a polished insert in this loop indicated that a
ZrN film was present; however, no film was detected on the pipe surface.
Considerable evidence of structural instability in the form of grain coarsening and graphitization of the Bessemer steel was found in the metallographic examination of the loop. A medium carbon steel containing Ti,
Rh-1081, also exhibited good resistance to U-Bi corrosion. The lower
chromium steels, such as 1/2% Cr-1/2% Mo and 1!% Cr-1/2% Mo
(tests No. 20, 21, and 22), also seem to be standing up well to inhibited
U-Bi. The testing of these steels will be increased.
Loops No. 26 to 29 were run to study the effectiveness of Th, Th+ Zr,
Ti+ Mg, and Ca+ Zr as inhibitors. It can be seen from these tests that
these inhibitors were much inferior to Mg and Zr combinations. In tests
No. 27 and 29 it was found that a slow but continuous loss of Zr, Th, and
Ca occurred. Horsley [6] also ran Bi loops containing Ca and Zr as inhibitors. He reported similarly that the loops plugged, and that Ca and Zr
were lost from the melt. The results of loop No. 28 indicate that Mg and
Ti provide some inhibition, but are not nearly as effective as Mg and Zr.
Metallographic examination of this loop shows that the corrosion was uniform and that most of the attack took place 4 to 6 in. downstream from the
"tee," in an area whi<'h is normally somewhat lower in temperature than
the "tee."
0
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Metallographic examinations of 2!3 Cr-13 Mo loops inhibited by Mg
and Zr show that corrosion starts in the form of a pit. After the pit has
penetrated about 0.020 or 0.025 in. into the pipe, the progress of corrosion
generally proceeds laterally on the pipe, widening the pit rather than
deepening it. A typical pitted area formed by U-Zr-Mg-Bi in 2!3 Cr-13
Mo steel is shown in Fig. 21-4. The attack is transgranular throughout
the pitted area. Horsley [6] reported intergranular attack at the bottom
of pits formed in a similar steel by Zr-Ca-Bi. Metallographic examination
of plugged thermal convection loops shows the deposit to be very flaky and
not tightly adherent to the loop walls. Chemical analysis of the deposition
in a 2!3 Cr-13 Mo steel loop indicated it to be about 953 Fe and 23 Cr.
ZrN films have been positively identified by x-ray reflection in only two
thermal convection loops: Bessemer steel loop, and one 2!3 Cr-13 Mo
steel loop. The protective film is possibly so thin that it can be identified
only under ideal conditions.
21-2.4 High-velocity tests. Although thermal convection loops are
convenient for extensive corrosion testing under dynamic conditions, the
velocity is not large enough to give design data for actual operating conditions. These data must be obtained by operating loops in which the bismuth solution is pumped at considerably higher linear velocities through
suitably designed test sections.
Attainment of higher flow velocities complicates corrosion testing methods. Large heat inputs are necessary to obtain temperature differentials
comparable to those readily attained in thermal convection loops. Special
equipment is required to measure flow. Pumps must be designed leaktight
to maintain absolute system purity. The U-Bi must be prevented from
freezing in the piping.
Some important features of the BNL loops are (I) the systems are completely sealed and operate under a purified inert-gas blanket, (2) samples
of the liquid metal can be taken at any time during operation without
contamination, (3) radiography permits nondestructive examination of
test samples so that long runs are possible, and (4) the safety control system
is designed to prevent the freezing of the U-Bi (and subsequent bursting)
in the piping.
In corrosion loops (HVL I and II) at BNL [7], no valves are used to
hold the fluid up in the system, and flow is measured with a submerged
orifice located in the sample tank. Piping in these loops is 3/4-in. schedule40 except in the test sections. A GE G-6 electromagnetic pump is used in
HVL I, while Callery 25-20 electromagnetic pump is used in HVL II.
Flows in the order of 1 to 2 gpm are achieved with both pumps. An intermediate heat exchanger does about 50% of the heating and cooling. Resistance furnaces provide the heat. The head developed is sufficient to
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(b)

(a)

Frn. 21-4. Pitted area at "tee" in Loop #12. (a) Macrograph. (b) Micrograph
(original 250X) of pitted areas.
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Pump

Dump Valve

Fm. 21-5. High-velocity pump test loop.

allow the use of short small-diameter test sections in which velocities up to
8 fps are attained.
A third corrosion loop (loop G) uses a canned centrifugal pump to circulate the U-Bi, permitting flows up to 4.8 gpm and velocities up to 14 fps
to be attained. Engineering devices such as bellows-sealed valves and
pressure transmitters are being tested in this loop, as well as materials for
high-velocity corrosion resistance. Heating and cooling is the same as in
HVL I and II. The loop is fabricated for the most part of 2!% Cr-1 % Mo
steel, 1-in. schedule--40 piping.
Two more loops (HVL III and IV), similar to loop G, are now under
construction. These are shown in Fig. 21-5. Flow rates up to 12 gpm,
velocities up to 25 fps, and temperature differentials of 150°C will be
attainable in these loops. HVL III will be fabricated of 2!% Cr-1 % Mo
steel, while HVL IV will be of 1!% Cr-1/23 Mo steel.
While the basic material of construction of these loops is a Cr-Mo steel,
test sections are usually made up of a variety of steels and weldments.
All welds are made by the inert arc process. Cleaning, for the most part,
is done by grit-blasting.

TABLE

21-5

RESULTS FROM HIGH

Temp. (Bulk),
Loop no.

oc

Material*
Max

Temp. Film,

oc

vELOCITY

LOOPS

Additive cone.

Time
of
test,
hr

Flow,
gpm

Remarks

No corrosion
Cavitation pits in high velocity test section
No cavitation
Severe pits and mass transfer;
loop sectioned
No corrosion; some transfer
after 4000 hr

Min
Max Min Mg Zr
u
---- -- ---- -- ----

HVLI:
Run 1
Run 2

2!Cr-1Mo
2!-Cr-lMo

520
520

414
414

525
525

400
400

350
350

300
350

920
1000

1026
1026

1.20
1.20

Run 3
Run4

2!Cr-1Mo
2!Cr-1Mo

520
544

414
417

525
550

400
400

350
350

300
250

1000
1000

1006
2591

1.25
1.1

Run 5

l!Cr-!Mo
(loop refabricated)

520

445

525

428

350

250

1000

4000t

HVL II:
Run 1

2!Cr-1Mo

520

445

522

427

350

350

1000

7400t

Loop G:
Run 1
Run2

2!Cr-1Mo

525

473

529

458

350

350

1000

938

4.0

2!Cr-1Mo

525

450

526

435

350

250

900

2500t

4.8

Slight pit corr. in welds; transfer detected after 2500 hr
at AT; loop still in operation 7000 hr
Pt. corr. of 4-6 Cr-lMo welds;
corr. of AISI 410 SS.
No corr. after 2500 hr

*This is the major material of construction. The actual test section is a composite of many materials.
tStill in operation. Test time as of 3/15/58.
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Fm. 21-6. Precipitation of Fe-Cr alloy in high-velocity cold-leg test section
(HVL I-Run 1).

Results obtained thus far with the pumped loops are shown in Table
21-5. In most cases a run consists of a test on a particular test section rather
than on the entire loop. The exception is Run 4 of HVL I, which was
continued until the loop plugged, at which ·time the entire loop was dismantled and refabricated of 1!% Cr-1/2% Mo steel. The film temperature
reported is the calculated liquid-steel interface temperature. In all tests
Zr and Mg were used as inhibitors.
The purpose of Run 1 on HVL I was to study the effect of velocity on the
material deposited in the cold portions of the system. It was felt that a
high flow rate might dislodge the loose precipitated crystals and circulate
them to the hot sections, where they would redissolve in preference to the
pipe wall. The high-velocity section was placed at the region of the coldest
bulk liquid. All test specimens were fabricated of 2!% Cr-1 % Mo steel
and welds were performed with a 5% Cr-1/2% Mo bare filler rod.
Examination of the test sections after 1026 hr of test showed that no
corrosion had taken place in the hot sections. A one-grain, adherent layer
of precipitated Fe-Cr alloy was found in the high-velocity cold section
(Fig. 21-6).
To test the effect of impact on the inhibiting film, a right-angle, highvelocity section was inserted in the hot leg of HVL I-Run 2. The section
was about 5 in. long, 0.355-in. ID and contained a graphite insert specimen
and an annealed and hardened 2!% Cr-1 % Mo steel specimen. All welds
were made with 5% Cr-1/2% Mo bare filler rod. The flow through the

764

MATERIALS OF CONSTRUCTION-METALLURGY

[CHAP.

21

Cavitation

Pits

FIG. 21-7. Cavitation-erosion on downstream side of right-angle bend in HVL
I-Run 2.

FIG. 21-8. Preferential attack on 5% Cr-!% Mo Weld in HVL I-Run 4.

21-2]

STEELS

7G5

small diameter was 5 fps. Physically, the right-angle section was located
just outside the furnace. Polished bushings and tab samples were also
placed in the furnace leg. Temperature conditions were identical to Run 1.
This run was terminated after 1026 hr of t::.T operation, and samples
were removed for metallographic examination. No corrosion was detected
on the polished samples located in the furnace. No erosion or corrosion
was observed on any of the graphite samples. Again a very small amount of
deposition was found in the cold section, this time between the pipe wall and
the cold sample bushing inserts. Large pits, some about 1/2-in. diameter
and 1/8-in. deep, were found on the steel samples located in the exit side of a
right-angle bend (Fig. 21-7). If a vortexing of the fluid (therefore a locally
increased velocity) is assumed to have occurred after the change of direction
in the right-angle bend, then a condition for cavitation may have existed,
i.e., the static head at this point (7 psi gauge) may have been exceeded by
the dynamic head.
Run 3 of HVL I was a duplicate of Run 2 except that the static head at
the right-angle bend was doubled. Examination of the specimen after the
1000-hr run showed that the cavitation pitting was eliminated.
Run 4 of HVL I was intended to test the inhibiting film under an increased temperature gradient (150°C) with the maximum temperature
raised to 550°C. The test section consisted of samples of 2!3 Cr-1 3 Mo
steel (both annealed, and normalized and tempered), mild steel, and several
grades of graphite. All welds were made with 53 Cr-1/23 Mo bare filler
rod. This run was terminated after 2591 hr of operation because of extensive pitting in the hot section and plugging in the finned cooler section,
as revealed by radiographs. Attempts to drain the loop completely were
unsuccessful. Upon sectioning, localized masses of intermetallic compounds
were found, which probably developed when the system was cooled. These
formations did not redissolve on heating because of the lack of good mixing,
and were viscous enough to prevent the bismuth from draining.
The entire loop was sectioned and examined. A severe pit-type corrosion
was found in the hot sections; welds (Fig. 21-8) as well as parent material
(Fig. 21-9) were grossly attacked; 2!3 Cr-13 Mo steel in the normalized
and tempered condition was less corroded than the same material in the
annealed condition; carbon steel samples showed little or no attack.
Corrosion occurred in crevices between the samples and pipe walls. The
mass-transfer plugs occurred in the region of the coldest film temperature
rather than the coldest bulk temperature. Velocity did not sweep away
the deposited material, but rather a plug of high density was produced
(Fig. 21-10).
The minimum film temperature for this run may possibly have been as
much as 25°C lower than the 400°C reported because of an error involved in
selecting the actual cooling area.
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Fm. 21-9. Atta.ck on annealed 2t3 Cr-13 Mo hot test specimen in HVL
I-Run 4.

Fm. 21-10. Cross section of deposited Fe-Cr alloy in finned-cooler section of
HVL I-Run 4.
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Loop G-Run 1, had a hot-leg test section consisting of specimens of
2!3 Cr-13 Mo, 1!3 Cr-1/23 Mo, AISI type-410, and Bessemer steels,
joined with welds made with 2!3 Cr-13 Mo, 1!3 Cr-1/23 Mo, 53
Cr-1;23 Mo, AISI type-410, and mild steel bare filler rods. This run was
terminated after 938 hr of operation at a 75°C film gradient and a flow of 4
fps in the test section. Examination of the test section showed that welds
made with a 53 Cr-1/23 Mo rod were severely attacked, while those
made with a 2!3 Cr-13 Mo rod and a 1!3 Cr-1/23 Mo rod were not
attacked. The only other corrosion observed in this run was some slight
attack on welds and base material of AISI type-410 steel. Cavitation pits
were also observed on the pump impeller.
Loop G-Run 2, HVL I-Run 5, and HVL II-Run 1 are still under test.
In these loops are specimens of 2!3 Cr-13 Mo and 1!3 Cr-1/23 Mo
steels having various heat treatments, AISI type-410 and Bessemer steels,
and welds made with lf3 Cr-1/23 Mo, 2!3 Cr-13 Mo, 53 Cr-1/23
Mo, AISI type-410 and mild steel bare filler rods. No corrosion has been
detected radiographically in the loop G test section after 2500 hr of operation. No corrosion has been detected in the HVL I-Run 5 test section;
however, slight deposition has been detected in the finned cooler. This
precipitate was first observed after 1400 hr of operation but is still not serious after 4000 hr.
Pitting of welds made with 53 Cr-1/23 Mo rod and possible corrosion
of a 2!3 Cr-13 Mo weld have beeB detected in Run 1 of HVL II. This
loop first operated 2500 hr with a film b.T of 75°C (500 to 425°C film) with
no radiographically detectable corrosion and little or no mass transfer.
The temperature differential was then increased to 75°C bulk (522 to
427°C film). After 100 hr at this new differential, deposition in the cooler
was observed. Pitting of the 53 Cr-1/23 Mo weld was detected after
2000 hr at the new differential. However, after a total of 7400 hr of temperature gradient operation, the amount of pitting and transferred material was not serious enough to stop loop operation.
The effect of velocity on corrosion and mass transfer is not apparent at
this time. This is mainly due to a lack of tests in which velocity is the only
variable. Correlation between the pump loops and thermal convection
loops suggests that velocity has little effect on mass transfer other than on
the type of plug formed, provided conditions for cavitation do not exist.
However, results from tests now under way should definitely evaluate this
variable.

21-2.5 Rapid oxidation of 2!3 Cr-13 Mo steel. In a pumped Bi loop
containing Mg+Zr, the 2!3 Cr-13 Mo steel adjacent to a pinhole leak was
found to be severely oxidized. The appearance of the oxide scale was very
similar to that reported by Leslie and Fontana [8]. These investigators
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found that rapid oxidation of a 163 Cr-253 Ni-63 Mo steel will occur in a
stagnant atmosphere, and that MoOa catalyzed the rapid oxidation of this
steel. They also reported that BbOa could produce a similar effect.
A test simulating a leak in a loop was made to study this phenomenon.
A 2!3 Cr-13 Mo steel pipe was filled with Bi containing 1000 ppm U,
350 ppm Mg, and 250 ppm Zr. A 1/32-in. hole was drilled in the pipe below
the Bi level. A patch of asbestos tape 2 in. in diameter was put over the
hole. The tube was then heated to 594°C and pressurized to 5 psi to force
out a small amount of Bi. The pressure was dropped as soon as some Bi had
leaked out and the tube was then heated at 594°C for 1025 hr. The appearance of the pipe underneath the asbestos tape patch and a cross section of
the oxidized area are shown in Fig. 21-11. A complete oxidation through
the pipe wall has occurred in the area adjacent to the leak.
Tests run at 738 and 816°C in covered crucibles show that chemically
pure Bi20 3 can promote rapid oxidation in 2!3 Cr-13 Mo, 1!3 Cr-1/23
Mo, and carbon steels. Tube tests and crucible tests are being continued to
determine the minimum temperature at which rapid oxidation is a problem.

21-2.6 Radiation effects on steels. Since steel will be in direct contact
with the liquid U-Bi fuel, it is important to determine the effects of fission
recoils and fast neutrons on the rate of corrosion or erosion. If corrosion
inhibition is achieved by a layer of ZrN between the Bi and the steel, there
is concern that fission recoil particles might destroy this film. Local heating,
resulting from the stopping of the particles, may cause a differential
expansion between the layer and the steel. Consequently, the layer may
break away from the steel, leaving the surface exposed to Bi attack. On
the other hand, neutrons should not be detrimental to a thin ZrN layer,
per se.

Effects of neutrons must also be determined on the mechanical properties
of the steels at reactor temperatures. Radiation-induced increases in tensile
strength and elastic modulus may not anneal out at LMFR operating
temperatures. A decrease in the impact strength is not considered too
probable at these temperatures, although the possibility must be
investigated.
To study the-radiation effects on materials, a capsule test has been developed. The capsules, in which samples are inserted in a highly enriched
U-Bi solution containing Mg and Zr inhibitors, are exposed in the BNL
reactor and irradiated to the desired level. The test has the advantage of
attaining high temperatures (700°C) and a high fission recoil density.
Samples of It% Cr-1/23 Mo and 2f3 Cr-13 Mo have been placed in
one of these capsules with Bi containing 4000 ppm U, 2500 ppm Zr, and
3500 ppm Mg. The exposure was approximately 2.2 X 1019 nvt. Sectioning
of this capsule has shown no corrosion of the samples. A second capsule
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Fm. 21-11. Rapid oxidation of 2:!% G-1% Mo steel pipe after 1025 hr at 594°C
at pinhole leak.

has been put in the BNL pile containing samples of 1!3 Cr-1/23 Mo and
mild steels. Results are not yet available.
Dynamic tests of the reaction between Bi and steel in the presence of a
radiation field must be completed before a final selection can be made of
materials for the LMFR. The effect of velocity on corrosion is not certain
from the out-of-pile studies, so that no exact analogy can be made between
out-of-pile forced circulation loops and in-pile capsules. There has been
limited work done at Harwell [6] with thermal convection loops in and out
of a radiation field. These loops had no U but did contain Ca and Zr
inhibitors. The· data suggest that pile radiation may have induced some
acceleration of mass transfer.
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An in-pile, forced-circulation loop has been built at BNL and two others
at Babcock & Wilcox Research Laboratory to test the corrosion stability
of LMFR materials under conditions to be expected in the reactor experiment. In this loop, Bi containing approximately 1500 ppm of U 235 , 180 ppm
Zr, and 350 ppm Mg will be pumped at a rate of 5 to 7 gpm. The bulk
D..T will be approximately 75°C, with a maximum temperature of 500°C.
There are three sample sections in the loop: one, containing samples of
1!3 Cr-1/23 Mo steel, 2f3 Cr-13 Mo steel, Be, and graphite, will be at
the center of the reactor and will be in a flux of approximately 3 X 1013
thermal neutrons; one within the shield will see delayed neutrons at a
temperature of 500°C; and the third section will be outside the reactor at a
temperature of 425°C. This test is presently being assembled, and will be
operating late in 1958.
21-3.

NONFERROUS METALS

Several nonferrous metals are receiving attention as container materials,
principally because of their low solubility in bismuth. At this time only a
small amount of work has been done on testing these metals. The following
is a brief discussion of some of the most important of them.
21-3.1 Beryllium. In the Liquid Metals Handbook, beryllium has been
reported to have a good resistance to attack by liquid bismuth at 500°C
and probably also at 1000°C. Recent work at Harwell has shown that
beryllium has good resistance to mass transfer by liquid bismuth circulating
through a temperature gradient of 500°C, with a base temperature of
300°C. Recent advances in the production technology of beryllium metal
have improved its mechanical properties sufficiently so that it is now possible to consider this metal for reactor core vessel or moderator. However,
no data on reaction between beryllium and uranium additives and fission
products dissolved in a liquid metal fuel are available. Since uranium is
known to form a stable intermetallic compound with beryllium, the possibility of such a reaction must be investigated before beryllium can be
recommended as a moderator in contact with a liquid-metal fuel. Static
tests on the resistance of Be to attack by U-Bi at 550 and 650°C showed
some (but not conclusive) evidence of a slight attack (less than 1 mil/yr
average penetration). A slight attack on Be was noted by Brasunas by a
23 U-Bi alloy after 4 hr at 1000°C.
21-3.2 Tantalum. Recent work at the Ames Laboratory indicates that
tantalum is an excellent material to contain U-Bi. A 5 w / o U in Bi solution
was circulated through a 3/4-in. OD by 0.030-in. wall tantalum loop at a
rate of 800 lb/min. The U-Bi was circulated with an electromagnetic pump
and the temperature differential was 100°C (950 to 850°C).
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Liquid metal samples taken during operation showed that the Ta concentration never exceeded 6 ppm. After 5250 hr of operation, the loop was
shut down and examined metallographically. No transferred material was
detected in the cold leg and the corrosion was less than 1 mil. The tantalum
remained shiny and ductile throughout the experiment.
Even though the above results are hopeful, the use of tantalum as a
container material for a U-Bi reactor system is limited by (1) its poor air
oxidation resistance, (2) difficulty of fabrication, (3) cost.

21-3.3 Molybdenum. Molybdenum is also known to be highly resistant
to U-Bi. However, its use as a container material is hampered by its poor
oxidation resistance and difficult fabrication.
Some success has been obtained, however, with Mo applied as a coating
on low-chrome steel. The process was developed by the Vitro Corporation
and is described in detail in KLX-10009. Essentially, the coating is applied
by first electrophoretically depositing 803 Mo+ 203 Mo03 on the steel.
The coating is then pressed, reduced in a H 2 atmosphere, repressed and
sintered in an H 2 + HCl atmosphere.
These specimens have been subjected to static Bi which was temperature
cycled at 550 to 400°C. Filtered liquid metal samples of the Bi were taken
and analyzed for the presence of Fe and Cr. The Bi was allowed to stay at
the 550°C temperature overnight before a liquid metal sample was taken.
After 4300 hr at temperature and some 17,000 cycles, the concentration
of Fe was 6.9 ppm and Cr 2 ppm. By comparison, the solubilities of Fe
and Cr at 550°C were 30 ppm and 80 ppm respectively.
On the basis of their low solubility in U-Bi such materials as tungsten,
tantalum, molybdenum, and beryllium could be classified as container
materials. Their practical use, however, is governed by their poor air
oxidation resistance, fabrication difficulties, availability, and cost.
21-4.

BEARING MATERIALS

The relative bearing properties of materials for use as valve seats, disks,
and guides are being determined in Bi containing Mg and Zr. Testing is
done under a boundary lubrication condition.
The test apparatus consists of a main test chamber and a sump tank to
facilitate easy handling of the liquid Bi and to permit periodic sampling of
the liquid metal. The main test chamber, containing the samples and the
sample loading mechanism, is shown in the cutaway of Fig. 21-12. The
method of transmitting the load with air pistons through flexible bellows
can be clearly seen. A second chamber mounted on top of the main test
chamber contains a DC Thymotrol motor which rotates the cylindrical
specimen. The power input versus torque characteristics of the motor when
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Fm. 21-12. Bearing materials test apparatus.

operated in a helium atmosphere using "high-altitude" aircraft brushes
has been determined.
A test consists of contacting the rotating cylindrical specimen with a
flat specimen under a constant force for a set period of time under set conditions. After the contact run, the Bi is removed from the specimen. The
degree and kind of scoring, galling, material transfer, and depth of wear on
the surface were noted. Surface roughness measurements are made with a
profilometer. Hardness measurements are made. Coefficients of friction
are calculated from the measured torque data by the equation
T

!=-·
Pr

(21-4)

where f = the coefficient of friction, P = the applied load (lb), r = the
radius of sleeve (ft), and T =the torque (ft-lb).
In general, the hard-to-hard material combinations have shown good
wear resistance except for some scoring. The best hard material tested
thus far is AbOa flame-coated on AISI 4130 steel. When this material was
contacted against itself, no wear or scoring could be detected. This ma-
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terial will be thermally cycled and expo&ed to inhibited U-Bi for long times
to evaluate its utility. Stellite 90 and Rex AA also behaved well. Contacts
made with common die steels and low-alloy steels have exhibited severe
scoring and wear. Corrosion has also been detected on these samples. Of
the cemented carbides, only TiC with either a mild steel or 2!3 Cr-13 Mo
binder has been tested. This material did not show good wear properties
and also exhibited some pitting corrosion.
Graphitar versus tool steel and Mo versus Rex AA or Stellite 90 have
shown the best results of the hard versus soft combinations tested. The
results have been good in that the wear has been very smooth; however,
the wear has been excessive. The use of these combinations would be limited
to very low-load applications.
21-5.

SALT CORROSION

In earlier chapters, it was pointed out that one of the chief advantages
of the LMFR lies in the possibility of easy chemical processing. Several
processing techniques have been studied, most of which are based on
pyrometallurgical processes. The two chief pyrometallurgical methods
under consideration are the chloride process, in which the bismuth fuel is
contacted with a ternary mixture of molten chloride salts, and the fluoride
process, in which the bismuth fuel is contacted with molten fluoride salts
containing hydrogen fluoride. As may be imagined, the construction
material problem for these plants is very difficult.
A corrosion test program is actively under way at BNL and Argonne
National Laboratory on the chloride and fluoride processes respectively.
At BNL, these tests have consisted principally of rocking furnace and tab
exposure tests.
In the rocking furnace test, a piece of tubing approximately 12 in. long
and 1/2 in. ID, containing a charge of either salt or a mixture of salt and
bismuth, is placed on a rocking rack in a furnace. This rack alternately
tilts to one end for a period of 1 min and then to the other end for a like
amount of time. The two ends of the furnace are kept at 450 and 500°C
in order to give a temperature differential and thus induce mass-transfer
corrosion. The standard test period has been 1000 hr. These tests are part
of the initial screening program. When they are completed, the metals
which have given the best performance will be further evaluated in test
loops and pilot-plant equipment.
At present, only molybdenum has been satisfactorily tested against a
mixture of salt and bismuth fuel. However, the results are definitely encouraging. It has been found that the ternary salt, MgCb-NaCl-KCl,
with or without zirconium and uranium chlorides, can be contained fairly
well in austenitic stainless steels, particularly 347 stainless steel. When a
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mixture of bismuth fuel and the ternary salt containing less than 13 BiCh
was tested, the ferritic stainless steels were the best materials. These
include 410, 430, and 446 stainless steels. Probably the best of the ferritics
is the 2!3 Cr-13 Mo stainless steel.
During one step in the chloride chemical process, it is necessary to have
the ternary salt, containing more than 13 BiCh, in contact with bismuth
fuel. For this mixture only molybdenum has been satisfactory. However,
considerably more testing is required before this can be considered a
satisfactory material.
The experience in handling salt with larger-sized equipment is quite
limited. A small loop built of 347 stainless steel has been operated satisfactorily for a fairly short time. A much larger loop, loop "N," is now
being cQnstructed at BNL. This will contact the chloride salt and the
bismuth fuel. The salt part of the loop is constructed of 347 stainless steel.
The bismuth fuel section of the unit is constructed of 2!3 Cr-13 Mo
steel. The actual contacting units are constructed of both 347 and the
low-chrome steels. This pilot plant, when placed in operation, should
furnish considerable information on the corrosion characteristics of the
molten chloride salt.
The fluoride process also presents difficulties with materials of construction. The mixture of the molten fluoride salts, containing HF, with the
bismuth fuel is extremely corrosive. Pure nickel has been found to stand
up fairly well to the molten fluoride salts alone. However, the combination
of the three materials has proved to be very corrosive even to nickel. The
extensive development program to investigate the materials of construction
for the fluoride process is continuing.
21-6. GRAPHITE
21-6.1 Mechanical properties. In the proposed LMFR system, the
moderator, graphite, is also employed as the container material. Therefore,
the graphite should have good physical properties such as strength, hardness, and resistance to shock. Since graphite is to be the container material
for the bismuth solution, it should theoretically be completely impervious
to the solution. For this reason, special graphites, more impervious than
the usual reactor grades, have been developed and are under development.
Physical properties of typical examples of these graphites are given in
Table 21-6. In comparison with the usual reactor grade, AGOT, having
a compressive strength of 6000 psi, these impervious grades have a strength
of 6500 to 9700 psi.
Another special requirement for the graphite is that it withstand erosion
or pitting by the flowing fuel. Test sections of accurately bored graphite
were placed in test loops where the flow velocity of bismuth was 6 to 8 fps.
No observable effect was noted after 1000 hr of test at 550°C.
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Although tests so far have been on rather small samples, the mechanical
properties of these improved graphites appear sufficiently good for use in
LMFR systems. These new graphites must be manufactured in large sizes
in order to conveniently make up the core of an LMFR. The graphite
industry in the United States is now developing manufacturing techniques
for making such large sizes.
21-6.2 Graphite-to-metal seals. Leaktight joints of steel to graphite are
required at several places in the core of an LMFR. These seals must withstand an average of 125 psi at approximately 550°C. This is done by joining
finely machined steel and graphite surfaces under sufficient spring loading
to prevent bismuth leaking across the seal.
Tests were run by Markert at the Babcock & Wilcox Research Center
to evaluate such pressure seals. Three-inch and six-inch steel pipes
(2!% Cr-1 % Mo) with machined ends were pressed against a flat surface
of a block of MH4LM graphite (Great Lakes Carbon Co., density 1.9 g/cc).
The graphite surface had been prepared by sanding and polishing with
No. 000 emery paper. A seal was effected against Bi at 438° with a pressure
differential across the seal of 100 psi, and with 1500 psi stress between the
graphite and the steel. The minimum stress that may be used without
visible Bi leakage at this pressure differential was found to be as low as
600 psi. It was not necessary to resort to complicated interface configurations to obtain a seal. These initial results are very encouraging, and
further development work is being directed toward more complicated seals.
21-6.3 Graphite reactions. If graphite is to be in direct contact with the
U-Bi fuel, it should be inert to the various fuel constituents and also to
fission products and corrosion products. Work has been done at various
locations on these reactions. Thermodynamic data on chemical equilibrium, when available, have proved to be extremely valuable in guiding
the experiments.
Uranium-graphite reactions. The reaction between uranium and graphite is probably the most important one to consider in the LMFR. Mallett,
Gerds, and Nelson [ll] reported that uranium forms three stable carbides:
UC, UC 2 , and U 2 C 3 • Further work on this subject [7,12] indicates that
when less than 13 U is present in bismuth, it does not react with graphite
to form carbides at temperatures below 1200°C.
However, the nitride of uranium, UN, has been identified on graphite
contacted with 0.053 U in Bi at 850°C for 28 hr. This nitrogen was undoubtedly adsorbed on the surface of the graphite and had not been dislodged by out.gassing at high temperatures and vacuum.
When zirconium and magnesium are present with uranium in the bismuth, zirconium reacts preferentially with the graphite to form ZrC. This

TABLE

21-6

GENERAL PHYSICAL PRoPERTrns oF GRAPHITE AT

Grade

Manufacturer
Max. production size*
Density
Electrical resistivity w
a
Thermal conductivity w
a
Flexural strength
w
a
Compressive strength w
a
Coefficient of thermal
expansion
w
a
Helium flow at
< p > 2. 7 atm w
a
!::.p 1 atm

=

=

Base grades
ATJ
R-0013 R-0018

I R-0025

20Qc

Impregnated grades
R-0020
ATJ-82
:.\IH4L::\I-90

National Carbon Company
National Carbon Company
40" dia. 40" dia. 20" x 24" x 8" 40" dia. 40" dia. 20" X 24" X 8"

Units

Great Lakes
Carbon Co.
48" dia.

1.85
1.16
1.40
0.28
0.23
3250
3000
7500
7500

1.85
1.53
1. 77
0.21
0.17
3400
3200
8700
8700

1. 73
1.16
1.43
0.30
0.22
3300
3300
8400
8500

1. 90
1. 21
1.48
0.27
0.23
4000
3900
8600
8500

1. 90
1.49
1. 64
0.22
0.21
4100
3900
9100
9000

1.88
1.12
1.48
0.31
0.22
4600
4600
9700
9700

1. 90
0.64
0.69
0.45
0.46
2750
2900
6650
6250

g/cc
mil-cm
mil-cm
cal/ (sec) (cm) (QC)
cal/ (sec) (cm) (QC)
psi
psi
psi
psi

2.1
2.5

2.3
2.5

2.3
2.8

2.4
2.9

2.4
2.6

2.1
2.5

2.5
2.7

x 10- 6 /QC
x 10- 6 /QC

3.9

160

3.2
1. 7

1. 7
1. 7

0.16
0.12

0.88
0.43

240

~
J

ml/min through
1 cm cube

continued

TABLE

CCN

Grade

Density
Electrical resistivity
Thermal conductivity

a

1.88
0.89
1. 04
0.38
0.31
4400
3900
7400
8500

1. 93
1.07
1. 17
0.34
0.30
4800
4000
8500
9000

1. 98
1.12
1.14
0.35
0.30
3850
3550
6900
7200

w
a

2.2
2.2

2.3
2.7

3 .1
3.7

3.3
3.8

3.2
3.8

w

5.7

1. 7

0 042t

0.21
0.055t

0.021t

w
w

Compressive strength

w

a

=

Graphite Specialties
Corporation
7" dia.
35" dia.
40" dia.

1.88
1. 20
1. 25
0.29
0.26
2800
2400
6500
6200

Flexural strength

Helium flow at
< p > 2. 7 atm
lip= 1 atm

R-4

1. 92
1.14
1. 20
0.30
0.27
2400
2050
7500
6500

w
a
a

Coefficient of thermal
expansion

ATL--82 Graphite-G Graphite-A

National Carbon
Company
53" dia.
40" dia.

Manufacturer
Max. production size*

21-6 (continued)

a
*As specified at present time by the individual manufacturers.

CEY

AGOT

NCC
2" dia.

NCC
16" x 16"

1. 90
1. 51
0.13

2.5

Units

1. 70
0.73
0.94
0.53
0.33
2400
2000
6000
6000

g/cc
mrl-cm
mS1-cm
cal/ (sec) (cm) (°C)
cal/ (sec) (cm) (°C)
psi
psi
psi
psi

2.2
3.8

xI0-6/oC
xl0-6/oC

300

ml/min through
1 cm cube

0.00040
tProcessed and measured as small samples.
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is predictable from the chemical thermodynamic data. An experiment in
which graphite was contacted with 1000 ppm U, 50 pptn Zr, and 300 ppm
Mg in Bi at 1000°C for 8 hr showed only a single intense x-ray diffraction
line corresponding to the most intense line for ZrC. The x-ray analysis
was carried out after the adherent bismuth was removed from the samples
by mercury rinsing.
These experiments indicate that the reaction of uranium with graphite
is not likely to• occur under the LMFR operational conditions and can be
prevented by the addition of zirconium to the bismuth.
Zirconium and titanium reactions with graphite. Since zirconium and possibly some titanium will be present in the bismuth, reactions of these
materials with graphite have been investigated. As described above, zirconium reacts to form the carbide with a strong negative free energy. At
temperatures around 550°C, ZrC and solid solutions of ZrC and ZrN have
been identified on graphite surfaces contacted with bismuth solutions containing 130 ppm Zr.
On the other hand, no reaction between graphite and 1600 ppm Ti in
Bi solutions has been observed up to 800°C for contact times up to 170 hr.
A strong TiC x-ray pattern and a less intense ZrC-ZrN solution pattern
were observed on graphite contacted with approximately 0.23 Ti and
0.23 Zr in Bi at 1250°C for 44 hr.
When steel samples are reacted with U-Bi fuels containing zirconium
and magnesium, the x-ray patterns of the surface are those for pure or
very nearly pure nitrides or carbides. When graphite is contacted with the
fuel, however, solid solutions of the carbide and nitride are often found.
The unit cells vary from 4.567 Kx* to 4.685 Kx for the zirconium compounds and from 4.237 Kx to 4.320 Kx for the titanium compounds. These
parameters are low for complete carbon carbide structures.
Parameters for carbon-deficient carbide structures have been reported in
the literature [13]. For ZrC the reported ao varied from 4.376 Kx at 20
atomic percent C to 4.67 Kx at 50 atomic percent C. However, up to the
present time no evidence of carbon deficient structures has been observed
in studying the graphite-fuel experiments. The low parameters are instead
believed due to nitrogen replacing the carbon atoms in the carbide lattice
(NaCl-type). Parameters for such solid carbide-nitride solutions are described by Duwez and Odell [1].
Fission product-graphite reactions. The products of uranium fission may
also react chemically with graphite to form carbides. A series of experiments have shown that materials such as cerium will definitely react with
graphite. When 25 ppm Ce in bismuth was placed in contact with graphite at 700°C for 110 hr, CeC2 was identified as a film on the graphite.
Graphite contacted with 140 ppm Sm in bismuth at 800°C for 140 hr, on
*Kx = lOOOx units= 1.00202 ± 0.00003A.
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the other hand, gave an x-ray diffraction pattern of the graphite surface
which could not be identified or indexed. Under similar reaction conditions,
neodymium, barium, or beryllium in bismuth solutions have no reaction
product. However, Miller [12] has shown by an autoradiograph technique
that 180 ppm irradiated Nd in bismuth reacts with graphite at 1100°0 in
100 hr, concentrating the radioactive Nd at the graphite-liquid metal interface. When the same experiment was repeated with the addition of
100 ppm Zr to the solution, no Nd was identified at the graphite surface.
This experiment indicates that zirconium will probably form the carbide and nitride preferentially to most fission products. However, further
research is required to determine whether a zirconium carbide-nitride layer
on the graphite can be depended upon to prevent the adhesion of the fission
products to the graphite surface. This point is not only important from
the chemical and graphite surface point of view, but is also important from
the neutron economy point of view. To obtain the highest breeding ratio,
the fission products, which are all fairly good neutron adsorbers, must be
removed from the graphite core soon after their formation. This is especially true of samarium, which has a very high neutron absorption cross
section. Therefore, the experiments reported above on zirconium are quite
encouraging in that there is no trace of a samarium film on the graphite.

21-6.4 Radiation effects on graphite. The graphite core, in order to
serve as moderator and container for the flowing fuel, must be stable to
radiation. Fission recoils may cause spalling and reduction in the thermal
conductivity that might increase the thermal stresses within the core structure. The graphite must not adsorb large quantities of U or fission products.
A capsule test has been developed in which samples are irradiated in a
highly enriched U-Bi solution containing Mg and Zr inhibitors for study
of radiation effects on materials. The test has the advantage of attaining
high temperatures (700°0) and a high fission recoil density.
Graphite samples have been exposed in these capsules under conditions
given in Table 21-7. Metallographic examination of these graphite samples indicates that there is no excessive spalling or corrosion.
However, some samples were treated with Bi containing Zr at 1300°0
to obtain 10- to 30-micron ZrN-ZrO layers on the graphite prior to irradiation, and postirradiation examination indicated some change of this layer.
The cause of these effects is still being determined.
The effect of neutrons on the growth and thermal conductivity properties of special low-permeability grades of graphite has been measured.
Three sets of samples have been irradiated to exposures as great as 5 X 1020
thermal neutrons/cm 2 in the temperature range 400 to 475°0. Results of
these tests are listed in Table 21-8. The change in physical length of the
graphite is primarily contraction and should not present a major engineering problem.

TABLE

21-7

URANIUM SOLUTION CAPSULE CONDITIONS ON GRAPHITE

Capsule

Sol. concentration, ppm

Type of
sample

U-235

Zr

Mg

6

Graphite

(AGHT)

4000

200

350

8

"

"
"
"

3250
3750
4450

200
180
1500

350
700
1900

10

"

15

"

Exposure,

nvt

Max. irrad.
temp., C

12.8 x 1018

392

6.36
12.3
13.1

320
320
420

Observations

Zrn layer not evident
after irradiation
No spalling
No spalling
No spalling

TABLE
PHYSICAL PROPERTY CHANGES IN

Low

21-8
PERMEABILITY GRAPHITES INDUCED BY

NEUTRON IRRADIATION AT ELEVATED TEMPERATURES*

Graphite
type

At
Gt
ATL-82t
R-0025t
G-3t
G-7t
G-12t

I

Exposure

Irrad.,

nvt

T°C

1.8 x 1020
1.8
1.8
1.8
10
10
10

475
475
475
475
475
475
475

Thermal conductivity at
50°C, cal/(cm)(°C)(sec)
Preirrad.

Postirrad.

0.290
0.393
0.253
0.217
0.308
0.329
0.347

0.198
0.286
0.163
0.127
0.137
0.131
0.141

Gross
growth, 3

0.01
0.002
0.02
0.02
-

Electrical resistivity,
ohm-cm X 10-s
Preirrad.

Postirrad.

9.51
7.18
11. 9
13.3
11.2
8.2
7.4

18.21
16.31
24.43
25.84
19.4
18.4
17.8

*Irradiations and measurements were made at the Hanford Atomic Products Operation of the General Electric
Company.
tGraphite Specialties Company.
tNational Carbon Company.
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On the other hand, the neutrons reduced the thermal conductivity by
25 to 35% of the preirradiation value. Moreover, some of these graphites
had a preirradiation conductivity only 65% that of the usual reactor-grade
graphite. The combination of low permeability and neutron irradiation
therefore reduces the thermal conductivity to 50% that of the usual reactorgrade graphites.
Bismuth penetration into graphite permits the diffusion of some uranium
into the graphite. The resulting fission recoil particles may further reduce
the thermal conductivity of graphite. Tests are now under way to determine the degree of damage produced.
21-6.5 Bismuth permeation and diffusion into graphite. Early in the
work on the Liquid Metal Fuel Reactor it was recognized that a special
type of graphite was required if it were to be both a moderator and a container for the reactor fluid. Such an impermeable graphite would have not
only the usual advantages of being both structural material and moderator,
but would also not hold up quantities of coolant or fuel, with resulting
decreased neutron efficiency and control. Besides these characteristics,
because the design fluxes are of the order of 10 15 n/(cm 2 )(sec) it is necessary
that the graphite have a high degree of resistance to radiation damage,
specifically to physical growth and reduction in thermal conductivity.
In considering impermeable graphite, two characteristics of the graphite
are concerned: liquid pickup and permeability. Liquid pickup refers to
the amount of fluid which is held in the interior pore volume of the graphite
in the manner of a sponge. Permeability is the rate at which a fluid can be
made to flow through the graphite. Both these properties depend primarily
on the accessible void volume and the pore spectrum.
In research work on graphite, it is customary to divide the size of pores
into two categories: macropores larger than 1 micron and averaging 2.5
microns in radius, and micropores with radii less than 1 micron and predominantly below 0.5 micron.
The development of new types of "impermeable" graphite has necessitated an examination and improvement of manufacturing processes concurrent with experiments on bismuth uptake [14].
The classic process of graphite manufacture is based on cokes and pitch
binders, baking and pitch reimpregnations, and finally graphitization.
Around this scheme has evolved a complex technology involving careful
particle and flour sizing to obtain optimum compaction, elaborate baking
and graphitizing schedules, and extremes of pressure vacuum treatments.
The production of the new relatively impermeable grades was made possible by three significant advances over the older technology: (I) the ability
to use raw materials of more advanced form, including graphites and blacks
of various types, (2) impregnation techniques now span a variety of resins
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with various viscosity and wetting properties, and (3) new forming techniques permit much more uniform and finer-grained artificial graphites.
This last includes, in particular, the development of pressure baking, where
heat is applied by passing electric current through the carbon in the mold
and under pressure.
The conventional pitch-type impregnation has the effect of increasing
density without markedly reducing permeability. This is apparently due
to the tendency of the pitch to coke out only in the voids of large effective
pore radius. Conversely, the newer impregnating materials, with their
lower viscosities and increased wetting, tend to block the pores themselves
as well as the larger open volumes. Consequently, there is no general relationship between density and permeability. Several conclusions may be
drawn: (1) The newer impregnates primarily attack the macropore distribution and shift it from the 1- to 5-micron range into the submicron range.
(2) Optimum particle packing in the original base material is, in general,
not an advantage upon reimpregnation. (3) It is essential to use base materials in which the long tail at high pore radii is missing. The relatively
minor effect of the present impregnates upon the micropore distribution
demonstrates that the present ma,terials, markedly improved as they are,
do not as yet represent the achievable ultimate.
The amount of bismuth uptake in graphite is probably the most important property concerned in evaluating the graphite, and was one of the
first investigated. For this purpose, a simple pot arrangement is used to
hold samples of graphite in molten bismuth at pressures from vacuum to
550 psi and at tempemtures from 550°C. The graphite samples (0.5-in.
OD and 1.75-in. long) are outgassed in a vacuum at 550°C and then submerged in the bismuth. Helium pressure is then applied to the molten bismuth. The amount of bismuth uptake into the graphite is determined by
the difference in ·the density of the sample before and after submersion.
The accuracy of this measurement is within 0.01 g bismuth per cc graphite.
The degree of bismuth uptake by graphite as a function of time, determined at a pressure of 250 psi at 550°C, is shown in Fig. 21-13. As was
mentioned above, there is no correlation between uptake and graphite
density. The densities of these graphites range from 1.73 to 1.92 g/cc. The
total percent of void volumes in the impregnated grades varies from 16.0
to 19.03 of the bulk volume. Of these totals, the inaccessible volumes
range from 6 to 10%. Although samples EY-9 and ATL-82 have nearly
the same density, the bismuth absorption differs by as much as a factor of
3 because of the difference in pore spectrum.
As can be seen from the figure, the amount of bismuth uptake varies as
a function of time. This behavior was obtained using separate samples for
each point on a curve and also by measuring the same sample at various
time intervals. In making determinations, considerable oscillation about
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Fm. 21-13. Bi penetration; successive immersion of same specimen. Temperature= 550°C, pressure= 250 psi, outgassed 550°C for 20 hr.

a mean value is found for investigations extended to as much as 3500 hr.
Evidently these variances are caused by outgassing by the graphite over
the time interval of the experiment. Outgassing the graphite at 900°0 instead of at 550°0 reduced the amplitude of the excursions, but the mean
value remained from 0.425 to 0.525 g bismuth per cc graphite for most of
the types investigated. When the outgassing temperature was increased
to 900°0, the saturation or maximum value of uptake was reached in some
cases within 2.5 hr.
The rate of bismuth penetration into graphite was determined in order
to estimate the effect of an unexpected pressure excursion in the reactor.
Samples were subjected to 250 psi for times varying from 5 sec to 5 min,
as shown in Fig. 21-14. This time span far exceeds that expected for a
reactor pressure surge. The test conditions were 250 psi at 550°0 after an
outgassing period of 20 hr at 550°0. The data indicate that the practical
maximum uptake is reached in about 10 sec for all graphites except types
A and G. These graphites, which are essentially coatings instead of bulk
impregnations, have their uptake increased continuously with time. In
a long-term test their equilibrium values were not reached until after some
800 hr of submersion.
Since the core of the reactor will be subjected to various pressures, a
study was made of the effect of pressure on the absorption of bismuth by
graphite. Long-term tests covering hundreds of hours were conducted at
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125 psi to duplicate the test discussed above. l't, was found that the bismuth
uptake is approximately the same as for the 250-psi pressure and the relative absorption remain the same between the different grades of graphite.
In another series of tests, samples were immersed for 20 hr at 550°C
at varying pressures, as shown in Fig. 21-15. The samples for each curve
were first evacuated for 20 hr at 550°C before being immersed in bismuth.
With each type of graphite, the bismuth uptake at 450 psi corresponds approximately to the values attained at 250 psi for longer periods of submersion. Type R, CCN, HLM, and ATL-82 are insensitive to pressure
increases beyond 200 psi. The remaining three types, A, G, EY-9, do increase continuously in bismuth uptake and furthermore show a threshold
pressure below which no bismuth penetrates the graphite for the 20-hr
duration of the test.
However, results of long term tests at 125 psi showed that graphites
having a threshold pressure at 20 hr do absorb bismuth after several
hundred hours.
After a pressure surge in the reactor core, the operating pressure will
return to approximately 120 psi, and the amount of bismuth in the graphite
might decrease. To investigate this, samples impregnated at 450 psi were
resubmerged in bismuth at 25 and at 100 psi to determine what quantity
of bismuth might leave the graphite. The dotted lines in Fig. 21-15 connect these points. It can be seen that there is no significant reduction of the
bismuth contained in each type of sample.
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Calculations of the percent of voids filled with bismuth were made for
the maximum bismuth uptake obtained in the experiments shown .in
Fig. 21-15. Table 21-9 gives these calculated values for the approximate
saturation level reached. In this table, the last graphite, AGOT, is the
conventional reactor graphite. The 100% filling of the voids is obviously a
good check of the assumption that it is quite permeable. All the other
graphites are impermeable grades under development by various companies. The percent voids filled for these graphites do not represent total
saturation of the accessible voids. Rather, these values show that about
1/3 to 1/2 of the accessible void volumes have been filled in these experiments.
In studying threshold penetration effect, surface tensions of bismuth on
various surfaces of graphite were measured (Table 21-10). Although differing from the accepted values, these determinations probably represent
more closely the actual circumstances in a reactor core. In none of the four
cases was wetting of the graphite obtained by the bismuth or bismuth
solution.
Uranium diffusion into bismuth in graphite pores. Since a certain amount
of fuel absorption will have to be tolerated with the graphites now available, it is essential to measure the diffusion of uranium into graphite by
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21-9

TABLE
VOIDS FILLED AT

450

PSI AFTER

20

HR.

Graphite type

Voids filled with Bi, %

100
EY-9
A
G
HLM
M
R
AGOT

37
44
17
37
32
23
32
100

TABLE

21-10

SURFACE TENSIONS

Graphite surface

Constituents

Time after Wetting Surface tension,
contact, min properties
dynes/cm

Bi

1
29
78

None

276
257
241

Rough and loose Bi
particles

5
60

None

153
142

Smooth

Polished

Bi+ 350 ppm Mg

15
90

None

66
66

Polished

Bi + 350 ppm Zr

15
120
240
360

None

285
275
282
283
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means of the bismuth solution. Experiments to measure this effect have
been made. This was done by first impregnating graphite with bismuth solution containing magnesium and/ or zirconium. After bismuth impregnation at a given pressure, uranium was added to the solution and the graphite allowed to soak in the bismuth solution for a period of time. The amount
of uranium which diffused into the graphite was measured by sectioning
the graphite and analyzing for uranium concentration as a function of
distance from the surface of the sample. These experiments were run at
550°C with a pressure of 200 psi. The graphite was first allowed to soak
in the bismuth solution for 90 hr; then the uranium was added and the
conditions were maintained for the duration of the experiment. Results of
two experiments are given in Table 21-11. In the first experiment, the
bismuth contained 390 ppm Mg and 1000 ppm U. The uranium concentration in the graphite specimen was found to be less than in the melt
solution and decreased from the sample face inwards.
The second experiment was performed exactly like the first except that
no magnesium was present. The graphite specimen (Great Lakes Type
HLM) absorbs less bismuth than the EY-9 graphite used in the first experiment. However, the uranium concentration near the surface of the
specimen built up to an amount considerably greater than that initially in
the solution, and the concentration gradient is much steeper than was
found when magnesium was present in the solution. This high value for
the uranium-to-bismuth ratio near the interface may be explained by
assuming that uranium reacted with impurities present on the graphite
surfaces. Apparently when magnesium is present in the solution it reacts
preferentially with these impurities.
These experiments definitely show that uranium and other solutes
present in the bismuth can be expected to diffuse into the graphite as far
as the bismuth has penetrated. For the graphites now at hand, this means
diffusion through the entire thickness of the graphite for the long-term
exposures contemplated in a reactor core. Of course, since the diffusion of
uranium itself takes considerable time, fission will convert it to other products before it has an opportunity to diffuse many inches into the graphite.
The effect of diffusion of the various solutes and fuel into graphite on
neutron economy and reactor operational characteristics is recognized, and
studies have to be made in large-scale experiments.
In general, it is believed that the graphites at hand will meet the requirements for the first experiment of an LMFR reactor. It is already possible
to produce some of these in sizes as large as 40 to 60 in. in diameter. As
this development progresses, graphites of greater impermeability will be
produced. Improvements in graphite have taken place steadily, and
markedly improved materials are anticipated in the future.
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TABLE

21-11

URANIUM DIFFUSION INTO GRAPHITE

Specimen no.

I

Distance, in.

I

Bi,%

I

Mg, ppm

I

U,ppm

A. EY-9 Graphite
1
2
3
4
5

0.0312
0.0937
0.1562
0.250
0.500

32.2
30.5
29.6
28.0
26.0

1150
1050
750
800
820

900
840
810
760
740

B. HLM Graphite
1
2
3
4
5

0.0312
0.0937
0.1562
0.250
0.500

16.35
16.87
16.38
16.78
17.78

5600
2630
460
70
30
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CHAPTER 22
CHEMICAL PROCESSING*

22-1.

INTRODUCTION

The Liquid Metal Fuel Reactor offers the opportunity for continuous
removal of fission products from the fluid fuel by chemical and physical
processing. By this procedure the poisoning effect of the fission· products
may be kept to a low level, and thus make possible a good breeding ratio
in this thermal reactor. In this chapter, the various chemical and physical
processes for removing the fission products are discussed.
To simplify the discussion, the fission products are classified into four
basic groups as follows:
(1) Gaseous elements or compounds that are volatile at reactor operating temperature. This group is ordinarily abbreviated FPV.
(2) Non volatile elements forming compounds more stable than the corresponding uranium compound. The abbreviation for this group is FPS.
(3) Nonvolatile elements forming compounds that are less stable than
the corresponding uranium compound and more stable than the corresponding bismuth compound. The abbreviation for this group is FPN.
(4) Nonvolatile elements forming compounds less stable than the corresponding bismuth compounds. The abbreviation for this group is NFPN.
In the FPV group there are four elements: bromine, iodine, krypton,
and xenon. Of these, 6.7-hr !1 35 and its daughter 9.13-hr Xe 13 5 are the
important ones. Xe 135 is by far the most important because of its cross
section, 2, 700,000 barns. Since this is so large, it is necessary to remove
most of the iodine and xenon as soon as formed.
The other major poisons occur in the FPS group. In calculating the
average atomic weight and cross section of these groups, it is convenient
to use the fission yield in milliatoms. Normally, it is assumed that two
atoms of fission products are produced by the splitting of one atom of
uranium. Thus, 2000 milliatoms of fission products are produced by fission
of one atom of uranium, and 13 yield is equal to 10 milliatoms. On this
basis, Table 22-1 presents the FPS nuclides with the important information on their poisoning effect. As can be seen, Sm 149 is the most important
element to be dealt with in this group.
The last group, commonly called the noble fission products, represents
a combination of groups (3) and (4) in the above classification. The important poisoning information on all these nuclides is given in Table 22-2
*Based on contributions by 0. E. Dwyer, A. M. Eshaya, F. B. Hill, R.H. Wiswall,
W. S. Ginell, and J. J. Egan of the Brookhaven National Laboratory.
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TABLE

22-1

FUSED-SALT SOLUBLE FISSION PRODUCTS

[l]

Precursors have half-lives less than 5 days.

Nuclide

Rbss
RbB6
Rbs1
Srss
Srs9
Sr9o
y __,zrg1
Xe-->Csl33
cs13s
cs131
Ba13s
La139
Ba-->La-->Ce140
Ce-->Pr141
ce142
Pr-->Nd 143
Ce-->Pr-->N d144
Nd14s
Nd146
N d-->Pm-->Sm 147
Ndr4s
Smt49
Ndrso
sm1s1
Sm1s2
Eu1s3
sm1s4
Eurss
Eu-->Gd 156
Gd1s1
Total 30 nuclides

Half-life

Stable
19d
6. 2 x 1010y
Stable
54d
20y
61d; (stable)
5.27d
(stable)
3 x 10 6y
37y
Stable
Stable
12.8d;40h
(stable)
32d (stable)
Stable
13.5d
(stable)
280d; 17m
(stable)
Stable
Stable
11.6d;2.6y
(stable)
Stable
Stable
Stable
73y
Stable
Stable
Stable
1. 7y
15d (stable)
Stable

Fission
Cross secyield y, tion u, barns
milliatoms* (at0.025ev)t
20
36
46
54
61
64
66
66
70.5
71.5
71.1
70.5
68.5

0.90
1.0
0.14
0.005
110
1.0
1. 52
29.0
15.0
2.0
0.6
8.4
0.63

yu

18
36
6.4
0.25
6,700
64.0
100.0
1,920

3
3
3
3
2
3
3
3

1,060
143
43
590
43

3
3
3
3
3

61. 5
55.0
45.5

11.2
1.8
290.0

688
99
13,200

3
3
2

36.0

4.8

173

3

27.0
20.0
14.0

52.0
9.8
60.0

1,400
196
840

2
3
2

10.0
7.0
5.0
2.6
1. 6
0.9
0.5
0.3
0.2
0.1
-1052.3

3.3
47,000
2.9
7,200
150
420
5.5
13,000
750
160,000

33
329,000
14.5
18,700
240
378
2.8
3,900
150
16,000
394,010

3
1
3
1
2
2
3
1
2
1

*Percent yield multiplied by 10; total yield is 200%, or 2000 milliatoms.
trravg 374 barns.
:j:u > 1000 = type 1; u 50 to 1000 = type 2; u < 50 = type 3.

=

Type
poison:j:

22-1]
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TABLE

22-2

FUSED-SALT INSOLUBLE FISSION PRODUCTS

Nuclide

Half-life

Se77
Stable
Se7s
Stable
Se79
6 x 10 4y
seso
Stable
ses2
Stable
Zr92
Stable
Zr9a
5 x 106y
Zr94
Stable
Zr--->Nb95
65d; 37d
Zr96
Stable
Mo97
Stable
Mo9s
Stable
Tc99
2.1 x 10 5y
Mo100
Stable
Ru101
Stable
Ru 102
Stable
Ru 103
40d
Ru 104 N.I.*
Stable
Pd105
Stable
Ru 106
l.Oy
Pd 107
5 x 10 6y
Pd 108
Stable
Ag109
Stable
Pd 110 N.I.
Stable
Cdlll
Stable
Cd112
Stable
Cd11a
Stable
SbI23
Stable
Sn124 N.I.
Stable
Sn--->Sb--->Te125 10d; 2.7y (stable)
Te125
Stable
Te12s
Stable
Te1ao
Stable
Total 33

Fission
Cross secyield y, tion u, barns
milliatoms (at0.025ev)t
0.4
1.1
2.0
2.8
5.5
67.5
68.0
67.5
66.0
64.0
59.0
56.0
48.0
35.0
26.0
24.0
8.8
6.2
4.6
3.3
2.2
1.3
0.9
0.4
0.3
0.2
0.2
0.2
0.4
0.6
0.9
5.7
25.0
-654.0

40
0.4
0.53
0.055
0.25
3
0.08
13.4
0.05
2.10
0.13
100
0.2
12
1.2
150
0.7
18
(15)t
750
11.1
84
0.4
750
0.03
25,000
3.86
0.2
1. 5
0.8
0.16
0.31

*N.I., not identified as fission product on G.E. Chart, 1952.
tuavg= 22.7 barns.
tAssumed from values for daughter, Pd 106 .

[1]

yu

16

4.4
1.5
0.3
17
204
5.4
880
3.2
124
7.2
4,800
7.0
312
29
1,320
4
83
(50)
1,650
14
75
0.2
225
0.01
5,000
0.76
0.08
0.90
0.72
0.91
7.8
14,843.38

Type
poison

2
2
2
2
2
2
2
2
2
2
2
1
2
2
2
1
2
2
(2)
1
2
2
2
1
2
1
2
2
2
2
2
2
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under the group heading FPN. As can be seen by examining the column
headed yu, none of these nuclide~ is a very important poison, compared
with xenon and samarium.
From the data given in these tables, it is possible to calculate the poison
level in an LMFR as a function of time of operation. Besides the characteristics of the fission products themselves, the poison level is dependent
mainly on the core fuel volume, the total fuel system volume, and the
average core flux. In Fig. 22-1, the poison level is given as a function of
days of operation for a 500-Mw LMFR reference design [1] with 600 ppm
U 233 in Bi. It is assumed that the volatile poisons, FPV, can be removed
in a steady-state operation and the poisoning level kept to 13. The other
two classes, of course, steadily increase, based on the assumption of no
chemical processing of the core. After a certain poisoning level is reached,
the continuous chemical processing will serve to keep the poisoning at a
constant value. This level must be chosen by a careful economic optimization procedure.
Figure 22-1 shows that while the FPS group is the most important, assuming that the volatiles can be removed as desired, the FPN group does
gradually accumulate, and after about 400 days of operation has a 13
poisoning effect. Hence, over long-term operation, processing of all the
groups becomes desirable if a low poison level is to be maintained.
The poisoning in a U 23 .5-fueled reactor is expected to be 10 to 203
higher than in a U 233 -fueled reactor [2,3] depending on the average residence time of the fission products in the fuel. This is due to a shift in the
fission product spectrum toward higher cross section nuclides. The cumulative poisoning effect of the higher uranium isotopes is also slightly
higher for U 23 .s.
In connection with this last point, the higher isotopes of uranium gradually build up throughout the operation of the reactor. In the calculations
used in the reference design of Chapter 24 and in BAW-2 [1], the poisoning effect of the higher uranium isotopes has been assumed as 23 for a
U 233 fuel. Since these higher isotopes are chemically the same as the fuel,
no provision can be made for a chemical separation from the U 233 . The
gradual buildup of the higher uranium isotope poisons can actually be
tolerated over a number of years before becoming important in the economics of the reactor operation, as is shown in Chapter 24.
In all the foregoing discussions, it is assumed that corrosion products
contribute very little to the poisoning in the reactor. However, this may
not be so. As was described in Chapters 20 and 21, the corrosion rate of the
containing metals by the bismuth fuel is rather high. Corrosion products
such as iron and chromium at a concentration of 300 ppm in bismuth would
contribute a poisoning effect of about 13. However, the same processes
which remove the FPS and FPN will also remove all the corrosion products.

22-2]

VOLATILE FISSION PRODUCT REMOVAL
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Fm. 22-1. Poison level after startup vs. time of operation for all fission products.
Core fuel volume, 1800 ft 3 •

22-2.

VOLATILE FISSION PRODUCT REMOVAL [20]

22-2.1 Xenon and iodine removal. For a 1% poisoning level, assuming
no Xe adsorbed on, or absorbed by, the graphite moderator, the concentrations of 9.13-hr Xe 135 and total Xe in the fuel are calculated to be 1.5 and
12.9 ppb, respectively. Compared with the 9.13-hr Xe 135 , the combined
poisoning effect of all the other FPV's is negligible, so that the problem
of FPV removal is really one of Xe135 removal. Some typical statistics on
the FPV's are summarized in Table 22-3. These figures are based on three
assumptions: (a) that Xe buildup on the graphite is negligible, (b) that
negligible amounts of Br and I are volatilized with the FPV's, and (c) that
Kr and Xe have the same removal characteristics.
In Article 20-3.3 it was shown that the actual solubility of xenon in
bismuth may well be in the ppb range; McMillan calculated the solubility
as 10-1 2 • Since the amount of xenon generated is probably larger than its
solubility in bismuth, it is necessary to determine the behavior of the gas
in relation to the surfaces of the reactor core and fuel conduits, as it will
have a strong tendency to escape from solution.
Since the xenon is the decay daughter of 11 35 , it is born not only in the
reactor core but throughout the fuel system wherever 11 35 is present.
Therefore the chemical and kinetic behavior of I, its decay precursor, is
important. The Xe135 removal problem might be solved by desorption of Jl3 5 ; however, it is found that the 11 35 decays so rapidly that
at least 75% of the 11 35 would have to be removed with the FPV's in
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TABLE

22-3

STATISTICS oN FPV's UNDER CONDITIONS OF

13

500-Mw
1000 ppm U233 ; 150 tons of Bi

REACTOR POISONING FOR A

1. Concentrations, ppb
(a) Kr

(b) 9.13-hr Xe135
(c) Total Xe
(d) Total FPV's
2. Removal rates, g/day
(a) Kr
(b) 9.13-hr Xe135

(c) Total Xe
(d) Total FPV's
3. Per cent, by weight, total fission products

REACTOR

2.8

1.46

12.9
15.7
23.1
12.0
106.0
129.1
23.8

4. Average atomic weight of FPV's

122.3

5. Rate of radiant energy release, kw/g

605

order to significantly reduce the amount of Xe 135 formed. This is probably
too much to be hoped for. Experimental results indicate that such a large
fraction of the I cannot be volatilized from U-Bi fuel. Thermodynamic
analysis indicates that the I, for the most part, should react with the Rb,
Sr, Cs, and Ba fission products to form monoiodides with about 703 of the
I going to CsI.
These alkali and alkaline-earth iodides would presumably have low solubilities in Bi and, as a result, have a tendency to leave the U-Bi fuel and
collect on unwetted solid surfaces. These iodides also transfer heavily to
the salt in the FPS-removal process, but the rate of processing would be
too slow to extract significant quantities of !1 35 and, in fact, most of the
other iodine nuclides. Thus there appear to be two predominant modes
by which I departs from the fuel: physical expulsion in the form of iodides
and radioactive decay.

22-2.2 Xenon and iodine adsorption on graphite and steel. Graphite is
not wet by the fuel; moreover, it has a void volume of almost 203, largely
composed of interconnected cells. These facts suggest the possibility of Xe
buildup in an LMFR core.
A factor in this problem is the behavior of iodine in the LMFR fuel.
The iodine may form rather insoluble iodides, then adsorb on unwetted
surfaces, and there decay to Xe. Both kinetic and thermodynamic analyses
indicate that this may be a real possibility.
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In 1956, an in-pile loop [4] was operated at Brookhaven in which fission
products were generated in U-Bi fuel, where the natural U concentration
was 800 ppm. The concentrations of fission products were therefore
several orders of magnitude below those for an LM.FR. Two steel rods,
1/2 in. in diameter and 4 in. long, were suspended vertically in the gas
space of the surge tank, 2 in. above the liquid metal level. One was exposed
for a period of 60 hr and showed an P 33 concentration of 9.0 X 10 7 atoms/
cm 2 at time of removal; the other, exposed for 85 hr, showed 1.6 X 107
atoms/cm 2 . The corresponding P 33 concentration in the flowing metal
was 1.1 X 109 atoms/cm 3 , which means that for every 100 atoms of P 3 3
per cc of fuel there were roughly 1 to 8 !1 33 atoms/cm 2 of exposed surface
in the gas space. The temperatures of the rods and liquid metal were the
same, 500°C.
Several steel tabs immersed for extended periods in the flowing metal
showed P 33 concentrations on their surfaces roughly 100 times those found
on the rods suspended in the gas phase. Moreover, it was estimated that
less than half the I in the system was in the Bi; about 603 was found on
the container walls contacting the Bi and about 13 on the gas walls. The
tabs were, for the most part, unwetted by the Bi.
The loop had a degassing chamber in which the metal flowed in a thin
layer over a baffled plate. Samples of gas taken from this chamber showed
I concentrations too small to measure, even radiochemically.
To get a better understanding of this general problem, a two-part experimental program is underway at BXL. In the first part, capsule scale
experiments are being carried out to determine the action of iodine and
xenon on graphite and steel capsules containing U-Bi fuel. These capsules
are irradiated in the BXL pile and then examined for iodine, xenon, and
radioactivity across the radius of the specimen. The second part of the
program is a kinetic study of the removal of iodine and xenon in degassing
equipment.
In-pile capsule experiments. In one series of experiments, capsules made of
2!3 Cr-13 Mo steel and graphite were filled with Bi containing 500 to
1000 ppm of natural U, 350 ppm Mg, and 350 ppm Zr. The capsules were
degassed under vacuum for 3 hr at 800°C before being filled. They had the
dimensions 1.27 cm ID, 1.60 cm OD, and 10 cm long. The capsules were
irradiated in a flux of 2 X 1012 /(cm 2 )(sec), with the U-Bi mixture frozen,
for periods up to 2 wk. After irradiation, the capsules were held at 500°C
for periods ranging from 10 min to 117 hr. They were then cooled quickly
to room temperature and sectioned into 10 disks for radiochemical analysis.
The concentrations of Xe 133 , P 33 , and U were measured at the center of
each disk and in a 1-mm ring on the periphery of the Bi. The results are
summarized in Table 22-4.
These experiments are exploratory. They were carried out to determine
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22-4

RESULTS OF IN-PILE STUDIES ON THE
BEHAVIOR OF loDINE AND XENON IN LMFR FUEL

Sample
number

Container
material

Concentration
of paa,
atoms/g Bi
Core

8-010
8-020
G-010
G-020
G-030
G-040
G-080
G-150

steel

"
graphite

"
"
"
"

"

5X
7X
2x
2x
4X
3x
5x
7x

108
108
1010
109
108
109
1010
1010

Periphery
5x
2x
6x
1x
2x
3x
3x
6x

1011
1011
1011
1011
109
1011
1011
1011

Concentration
of Xe1aa,
atoms/g Bi
Core

Periphery

7 x 107
2 x 1011

6 x 1011
7 x 1011

-

2x
1x
1x
2x
1x

-

109
109
1010
109
109

2x
2x
4x
7x
7x

1010
109
1010
109
109

Agitated
during
equilibration
time
No

"
"
"

"
"

Yes

"

roughiy the extent to which iodine and xenon concentrate· on interfaces.
However, in spite of the limitations of the experiments, the following conclusions are warranted.
When the concentration of iodine generated by fission reaches a level of
about 1011 to 1012 atoms/g Bi (capsules S--010, S--020, G--010, G--020), the
iodine concentrates at the interface between the Bi and the container wall.
The concentration at the interface is about 1000 times higher than that in
the bulk of the Bi for the steel capsules, and about 100 times higher than
that for the graphite capsules.
When the concentration of Xe reaches a level of about 10 11 to 10 12
atoms/g Bi (capsules S--010, S--020, G--010, G--020), its concentration near
the Bi-steel interface is about 10,000 times that in the Bi. This ratio for
graphite, G, is only 10 (G--020). The difference between the steel and graphite capsules is believed to be due to the fact that Xe diffuses into the latter.
This penetration by fission-product gases has been found in other experiments and confirmed by autoradiographs and material balances.
When the concentrations of iodine and Xe are lower, i.e., about 10 9
atoms/g, the differences between interface and core concentrations are
much smaller, though still statistically significant (Xe in G--040, iodine
in G--030 and G--040). For iodine the concentration ratios vary slightly
from less than 10 for G--030 to 100 for G--040. For Xe the ratio is only about
3 for G--040, and no significant separation was observed in G--030. These

22-2)

VOLATILE FISSION PRODUCT REMOVAL

799

Fm. 22-2. In-pile capsule experiment with molten bismuth fuel, showing xenon
and iodine diffusion into graphite.

lower Xe ratios are again attributed to the loss of Xe from the interface to
the graphite.
Samples G--080 and G-150 were agitated (by rotating them at 15 rpm
around an axis passing at right angles through the middle of the capsule)
while being equilibrated at 500°C for 75 hr. It is seen that in the case of the
agitated samples Xe segregation was unaffected but I separation was
appreciably reduced. However, the great bulk of the I was still found on
the outer layer of the Bi.
Besides these experiments, another series was carried out in which the
bismuth, containing uranium, was molten during irradiation, so that the
xenon and iodine had a chance to escape as soon as formed. Figure 22-2
is an example of a typical experiment. In the figure, the central dark area
is the bismuth core. The bright band is that part of the graphite into
which xenon and iodine have diffused at 500°C. This band is about 1.5 mm.,
since the picture represents a magnification of 4 times. The conditions for
this particular experiment are given in Table 22-5. The irregularities
observed in the photograph are in accordance with the heterogeneity of
graphite.
It should be noted that fission products other than iodine and xenon
may be and possibly are involved in the formation of the high-intensity
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22-5

CAPSULE TESTS WITH MOLTEN FUEL

U 235

1000 ppm
in Bi+ 350 ppm Mg+ 350 ppm Zr. Irradiated for 15 days
at a flux 2 x 1012 n/(cm 2 )-(sec) at 500°C. Graphite G capsule
Xe133 concentration in graphite about
Xe133
"
" bulk
"
pai
"
" graphite "
pai
"
" bulk
"

1x
3x
5x
3x

1013
109
1013
1010

atoms/g
atoms/g
atoms/g
atoms/g

of graphite
of Bi
of graphite
of Bi

regions. The penetrations in the graphite appear to be due to radioactive
gases exclusively.
The results of all these experiments show that I and Xe concentrate
very heavily on surfaces in contact with the U-Bi fuel. There is evidence
that Xe and radioactive gases penetrate the graphite and are immobilized
therein. This may present a very serious problem in keeping the LMFR
fission-product poisoning to the low levels required for economic breeding.
The reported experiments, however, have been limited by the available
neutron flux of the BNL pile to concentration levels about 1/1000 those
anticipated in an LMFR breeder. Extrapolation of the present results to
the LMFR levels is not justified, since it is conceivable that because of
saturation effects the concentrations at the interfaces may not increase
proportionately. However, the penetration of Xe in the graphite, as contrasted to its accumulation at interfaces, is a potentially serious problem
because of the large surfaces available inside the graphite.
The results of these experiments clearly indicate that the removal of the
FPV's is not a simple degassing operation. An increased research program
is under way to learn more about the release and movement of the FPV's
in both the reactor core and in the fuel streams. While degassing equipment
designed to afford a large fluid surface for escape of the gases will probably
be the best kind of equipment, the volatiles may very well never arrive at
the degasser at all. Instead, they may adhere to the graphite walls and to
the steel walls. Operation of the LMFR Experiment No. I should give
extremely valuable information on this particular question.

22-2.3 Design of equipment for FPV removal. In the LMFR, the fuel
would flow continuously through several parallel loops to external heat
exchangers for cooling. Degassing equipment would, in all probability, be
located in each of these loops. For a 500-Mw reactor, if all heat-exchange
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streams were processed continuously, the fraction of FPV in the fuel removed per pass would only be about 0.004. Since the solubilities of Kr
and Xe in Bi increase with temperature, the degassing equipment should
preferably be located in the coldest part of the system, but since the fuel
flow through the reactor is upward, and since the degassers must be located
at the top of the system because of hydrostatic pressure, it is not very
practical to locate them at the coldest point.
The main objective would be to prevent excessive amounts of Xe from
being adsorbed on, or absorbed in, the graphite moderator. To achieve
this, two conditions are necessary: first, the relative amount of I settling
on tqe graphite must be kept low, and second, the degassers must be very
efficient. The problem is not so much one of desorbing Xe from a Bi solution as it is one of controlling the accumulation of I and Xe on unwetted
surfaces. To minimize I buildup on the graphite, the fuel velocity in the
core should be as high as practical and there should be solid surfaces
located somewhere between the core and the degassers to collect I.
On the basis of present knowledge, the degassers should be so designed
that a large interfacial area is provided and that the liquid metal surface
is as turbulent as possible. Theoretically, a degasser should work with good
efficiency. A theoretical analysis by McMillan (BNL-353) showed that
xenon has a tremendous tendency to concentrate on liquid bismuth surfaces. For a spherical volume, the number of xenon atoms on the surface
was estimated to be about 108 times the number dissolved in bismuth at
300°C. At 500°C this ratio came close to 10 5 .
A sieve-plate column, in which the fuel descends in fine streams, would
be such a degasser. It is felt that sparging of an inert gas into the fuel is
not necessary to promote gas desorption, since Xe is so insoluble. However,
depending on the gas pressure in the degasser, the use of an inert carrier gas
may be desirable. The effluent fission gases would be collected in refrigerated charcoal beds.
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In processing the molten bismuth for the removal of fission-product
poisons, the ideal process would be a pyrometallurgical one operating at
substantially the same temperature as the fuel. Furthermore, this process
should either leave the uranium fuel in the bismuth or treat it in such a
manner that it is relatively easy to recharge it as a metal into the bismuth
stream for reuse. The LMFR thus offers an excellent opportunity for the
application of pyrometallurgical chemical reprocessing methods. From a
procedural point of view, such methods should inherently be cheaper than
presently known aqueous processing methods. It will be necessary, however,
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to await an economic comparison of the aqueous and pyrometallurgical
processes before one is finally chosen for use with an LMFR.
However, since the LMFR offers such an excellent opportunity for the
application of cheap pyrometallurgical processing, this path has been
explored quite extensively. In this section a fused chloride salt process
for the removal of fission poisons is described. In following sections a
fluoride volatility process and a noble fission product removal process are
described.

22-3.l Equilibrium distribution. Chemistry. The FPS group consists of
the lanthanides and the elements in groups IA, IIA, and IIIA of the Periodic
Table. Within this group the lanthanides account for about 94% of the
total poisoning effect of the FPS elements. In the case of a typical 500-Mw
reactor [l] the concentration of FPS elements in the bismuth amounts to
about 17 ppm. To reduce this concentration to acceptable levels, a process
has been developed whereby the FPS elements are oxidized by and then
extracted into a fused salt.
Following the original suggestion by Winsche that fission products
might be extractable from a liquid U-Bi fuel by molten salts in a manner
similar to solvent extraction, experiments were conducted by Bareis using
the LiCl-KCl eutectic and lanthanide-bismuth alloys [6]. If the mechanism was indeed one of liquid-liquid extraction, then the lanthanide distribution should follow a simple distribution law and as such be independent of
total concentration. Experimentally, this was not the case, and it was
subsequently shown by Wiswall [7,8] and later independently by Cubicciotti [9] that the results could be explained by assuming that a chemical
reaction had occurred as follows:
3LiCl(salt) + La(BiJ (

LaCb<salt)

+ 3Li(Bi)·

(22-1)

'

From the free energies of formation of the halides involved (Table 22-6)
we may calculate /1FrL> = + 33.6 kcal for Eq. (22-1). From this and the
relationship !1F 0 =-RT In Keq, the equilibrium constant, Keq is found
to be 3.2 X 10- 10 . Obviously, the equilibrium will be displaced far to the
left. However, if we assume an initial La concentration in the bismuth
equal to 17 ppm, equal volumes of eutectic (KCI considered here as inert)
and bismuth, and that activities are equal to mole fractions, then the ratio
of moles of lanthanum in the salt to moles of lanthanum in the bismuth at
equilibrium will be 146. Essentially, therefore, all the lanthanum will be
transferred to the salt phase.
On the other hand, for the analogous reaction with uranium:
3LiCl + U

UCb + 3Li

(22-2)
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TABLE 22-6

AF OF CERTAIN HALIDES AT 773°K [10]

Compound

Free energy of formation F,
kcal/atom Cl

KCl
SmCl2
Li Cl
NaCl
LaCla
CeCla
NdCla
MgCb
UCla

88.6
84.1
82.6
81.4
71.4
69.8
67.4
61. 7
57.5

the standard free energy change is +75.3 kcal, and Keq = 5.2 X 10- 22 •
At equilibrium, assuming the initial uranium concentration in the bismuth= 1000 ppm, the ratio of the mole fraction of U in salt to the mole
fraction of U in Bi will be equal to 6.8 X 10- 4 . Thus, in principle, a selective oxidation of the lanthanides may be achieved in the presence of
uranium. Of course, the assumption that activities are equal to mole
fractions is only an approximation.
Ternary salt. As a consequence of these reactions, lithium metal builds
up in the bismuth phase and, in view of its high thermal neutron cross
section, replacement of the lanthanide by lithium offers no advantage in
terms of neutron economy.
Therefore another low-melting salt, the ternary eutectic of MgCb(50
mole %), KCl (20%), and NaCl (30%) (MP 396°C) was investigated.
In this system, the free energy of formation of MgCb is intermediate
between those of the lanthanide chlorides on one hand and uranium
trichloride on the other and a satisfactory, although not complete, separation should be achieved.* Furthermore, the low neutron cross section of
Mg is more favorable than that of lithium, and a low concentration of Mg
in the fuel (250 ppm) appears to be necessary in order to minimize corrosion and mass transfer in the steel equipment. The magnesium concentration in the bismuth will therefore control the extent of the reaction:
*The stability of NaCl and KCl is so much greater than that of MgCl2 that their
contribution to the oxidizing potential of the salt may be neglected. However, they
do exert an influence upon the activity coefficient of MgCh.
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3MgClzcsa.1t) + 2LacBi)

!::..F 0 = -58.2 kcal,

> 2LaCbcsalt) + 3Mg(Bi),

(22-3)
3MgClzcsaltl + 2UcmJ

) 2UCbcsalt) + 3MgcBiJ,

!::..F 0 = +25.2 kcal,
(22-4)

but will not influence the degree of separation which may be achieved.
Thermodynamics of FPS transfer and distribution data. The equilibrium
constant for reaction (22-3), in which lanthanum is taken as being representative of lanthanides in the +3 oxidation state, is given by

_
K eq-

2
3
aLaci, aMg
2
3
•

aLa aMgCb

(22-5)

Expressed in terms of mole fractions, Eq. (22-5) becomes

K

_ Xtacb X~g Utaci,) 2 (fM_g) 3
eq - x2La x3MgCb . (f~
La )2 (fMgCio )3.

(22-6)

In the above, a= thermodynamic activity, X =mole fraction, and f and
are activity coefficients. f~ is the limiting activity coefficient at infinite
dilution, which is assumed to be independent of concentration at the
concentrations encountered in this investigation. It is equivalent to the
Henry's law constant [ll].
Solved for the experimentally dete11minable quantity XLac1a/XLa, Eq.
(22-6) becomes

f~

(22-7)
where

In logarithmic form, (22-7) may be written
3
XLaCb
1og - -_ - -3 log X Mg + -1 log Keq(XMgCi.) •
XLa
2
2
K1

(22-8)

whereupon, a plot of log XLac1 3 /XLa versus log XMg should result in a
straight line of slope= -3/2. Figure 22-3 is a plot for most of the FPS,
uranium, and zirconium based on the best experimental data. In the
case of La, the best line has a slope of -3/2. From the position of the line,
the constant term of Eq. (22-8) may be calculated by
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3
B (constant)= -1 log K eq (X MgC'2 ) •
2
K1

(22-9)

Experimental values of these constants are given in Table 22-7.
Comparison of theory and experiment. In order to compare theory with
experiment, Keq, XMgC'2, and the activity coefficients of the pertinent
substances in each phase must be known. Keq is easily calculated from
the t:J,.F<L> for the appropriate reaction by means of the relation /::J,.F<L>
=-RT ln K.q; XMgC'2 may be considered essentially constant and equal
to 0.5, since MgCh is present in the salt phase in large excess over the other
reactants and its concentration changes only very slightly during the
reaction. An exact calculation of K1 is not possible at this time, owing to
the paucity of information regarding activity coefficients in fused salts
and in liquid bismuth. However, in one case, that of cerium, it is possible
to estimate K 1 from measured activity coefficients if one assumption is
allowed. Recently Egan [12,15] has measured the partial molar free energy
of mixing, !:J,.F, of magnesium in bismuth and cerium in bismuth by galvanic
cell methods. From l:J,.FMg and l:J,.Fee, it was possible to calculate fMg and
f&, the activity coefficients at infinite dilution, in bismuth at 500°C.
These values are estimated to be f 'tr_g = 2 X 10- 3 and f '& = 3 X 10- 14

00
0

°'

TABLE

vALUES
Reaction
2La + 3MgCh
2Ca + 3MgCb
2Nd + 3MgCh
Sm+ MgCl2
2U + 3MgCb

2LaCla + 3Mg
2CeCl3 + 3Mg
2NdCl3 + 3Mg
SmCb + Mg
2UC1a + 3Mg

-t::..FO
58.2
48.6
34.2
44.8
-25.2

OF

B

22-7
(CONSTANT)

Keq

2.84
5.49
4.66
4.62
7 .52

1016
1013
109
1012
X 10-s

x
x
x
x

-B
3.2924
3.9586
3.8873
-

-B'
-

1.8097
-

ftri

K1
1.36
5.67
3.49
1.49
-

x
x
x
x

10 22
10 20
1016
1014

4x
2x
2x
4x

10-16
10-15
10- 13
10-13
-
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(Table 22-8). Neil [13] by similar galvanic cell techniques, has measured the activity coefficient of MgCh in the ternary salt eutectic
MgCb-KCl-NaCl at 500°. The best value to date is fMgCb = 0.34. If it
is assumed that fceCh = 0.1 in the ternary salt (and this value appears
reasonable), then K 1 for cerium is given by

The experimental value of K1, 5.6 X 1020, leads to a value of 2 X 10- 15
for J&ci,.. The agreement is considered satisfactory, in view of the exponential character of the equations and the uncertainties in the available
data.
For example, the entire difference between the experimental value and
calculated value of K 1 may be reconciled if one assumes an error of
1.4 kcal/atom Cl in the /:::,.F of formation of CeCh. Such an error is well
within the limits with which the standard free energies of formation are
known at these temperatures. The estimated activity coefficients of
metals in bismuth may also be in error by as much as a factor of 2 to 3.
The experimental values of the constant BLa and BNd (Table 22-7)
may be used to calculate the activity coefficients of lanthanum and
neodymium in the bismuth if it is assumed, as in the case of cerium, that
f'f..ci,. = f~dCh = 0.1. The values so obtained, f'f,.. = 4 X 10- 16 and f'f;d
= 2 X 10- 13 , are quite low, and are in general agreement with the
measured f°ee·
In the case of samarium, SmCh is thermodynamically more stable
than SmCla by 14.6 kcal/atom of Cl at 500°C, and hence the equilibrium
reaction is
Sm(Bi)

+ MgCb(sa.lt)

SmCh(salt)

+ Mg(Bi)·

(22-10)

In a manner analogous to the treatment of the trivalent lanthanides, we
obtain

Xsmci. =- log X Mg +B' ,
l og-X
Sm

where

B' =log Keq XMgCJo
Kr

and

(22-11)
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22-8

ACTIVITY COEFFICIENTS AT
INFINITE DILUTION

System

Temperature, °C

!'tr

CtrBi
Mg-Bi
U-Bi
Li-Bi
Na-Bi
Zr-Bi

500
500
500
450
500
700

3 x 10- 14
2 x 10- 3
1 X 10- 5
1 X 10- 5
8.5 X 10- 5
7 x 10- 4

Equation (22-11) predicts that a plot of log Xsmci./Xsm versus log XMg
should yield a straight line of slope -1. The curve is shown in Fig. 22-3
and the line is drawn with a slope of -1. This line yields the value of B'
given in Table 22-7. With the assumption that f&nci. = 0.1, the estimated
activity coefficient at infinite dilution of samarium in bismuth is
3 x 10- 18 .
The validity of Eq. (22-6) is dependent upon the assumption that side
reactions, such as the oxidation of bismuth by the salt, are negligible.
Since t::.P 0 for these reactions are large positive numbers, it is reasonable
to consider bismuth as inert in this respect. Bismuth, of course, interacts
with the lanthanides and magnesium very strongly, but this is taken into
account by the use of activity coefficients.
It is also assumed that the reactions

nm=

3N aCl + La

LaCla + 3Na,

f:::.FO = +30.0 kcal,

3KC1 + La

LaCla + 3K,

f:::.FO

= +51.6 kcal,

do not contribute significantly to the transfer of lanthanides to the salt
phase, in view of the large positive free energy change. This approximation
was checked experimentally by determining the concentrations of Na and
K in the bismuth phase after an equilibration experiment. No detectable
amounts of alkali metals were found in the bismuth. This result also
indicates that salt solubility in bismuth is negligibly low. Analysis of the
salt phase for bismuth yielded low, erratic results, possibly due to the slight
solubility of bismuth in 1 N HCl which occurred during the aqueous
separation of salt and metallic phases. It is highly improbable that bismuth
would be soluble in a salt of this type.
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Another assumption made in this analysis involves the reversibility of
the oxidation of the lanthanides by MgCh This point was checked by
equilibrating a series of Mg-Bi alloys with a salt eutectic containing
Ce 143 Cb. The distribution data of cerium as a function of Mg concentration
in the bismuth derived from the reduction of CeCb by Mg shows the
reaction is reversible within an experimental error of 10% [14].
Included in Fig. 22-3 are Nd distribution data obtained in the presence
of 0.1 w/o uranium and 0.03 w/o zirconium in the bismuth. (Zirconium
will normally be present in the LMFR fuel as a corrosion inhibitor.)
Within this concentration range, zirconium and uranium do not affect
the Nd distribution.
Data for process design. It will be noted from the relative positions of
the lines of Fig. 22-3 that it is not possible to assume, a priori, that the
order of the lanthanide distributions will be directly predictable from free
energy of formation data. For example, from Table 22-6 the order of
decreasing stability of the chlorides is Sm, La, Ce, and Nd, whereas at
constant XMg the experimental order is La, Sm, Nd, and Ce. The difference in order is apparently due to the large variation of the activity coefficients of the lanthanides in bismuth.
The results of the lanthanide distribution experiments have provided a
basis for the design of a countercurrent, salt-metal extraction process [2].
Results of uranium distribution studies indicate that in small-scale experiments, a satisfactory separation of lanthanides from uranium may be
achieved in a single equilibrium contacting stage. The experimental value
of the distribution coefficient, K., was found to be of the order of 20 to 50,
where K. is defined as
X Laci,/ X Lam
Xuci,/XuBi

Multistage extraction should ensure efficient removal of the fission-product
poisons from the bismuth fuel stream.

22-3.2 Pilot plant equilibrium experiments. A pilot plant equilibrium
program is under way at BNL to investigate the salt bismuth-fuel equilibria on a larger scale under conditions more closely simulating those in an
actual plant. The contacting vessels, made of 347 stainless steel, have a
capacity of about 2 liters. They can be fitted with liners of other metals
in order to study the effect of surfaces and corrosion. Each contacter is
equipped with connections through which materials can be added and removed without admitting air, a sightport, gas and vacuum connections,
heaters, and thermocouples. Liquid salt and metal phases are equilibrated
in quantities large enough to allow multiple analyses, so that the effect of
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changes in conditions can be directly determined by before-and-after analyses on a single system.
The most significant results of this pilot plant program are those from
experiments for which an apparatus of large capacity alone could serve.
These are studies of the stability of the solutions for long periods and of
the changes in equilibrium distribution resulting from addition of various
reagents. In general, the distribution coefficients obtained in this equipment confirm those found in the small-scale work. However, the precision
of the results is less.
In carrying out experiments in these equilibrium vessels, a stability sufficient for most practical purposes can be achieved, given the right operating conditions, but there are still unsolved problems. A solution of Bi
U, Mg, rare earth, and Zr can be kept at 500°C under helium in a stainless-'
steel vessel indefinitely without change of composition. If then a quantity
of pretreated salt* is added to the system, a significant drop occurs in the
U concentration in the metal, e.g., from 1000 to 900 ppm. Some U appears
in the salt phase, but not in an amount equivalent to the loss from the
metal. Thereafter, the U concentration remains constant but the Mg in
the metal suffers a slow decline, losing between 1 and 10 ppm per day.
As its concentration decreases, the distribution of elements such as the
rare earths changes in about the way which would be predicted from the
results of the gram-scale experiments. The U remains nearly constant
unless the Mg is allowed to drop below about 20 ppm, in which case U
begins to transfer to the salt.
From some of these systems a solid material has been recovered which
gives the x-ray pattern of uranium nitride, and it is possible that nitrogen
from the container walls is somehow involved in the mysterious behavior
of U and Mg. Since very small quantities of the various materials are involved in these reactions, it is quite possible that solid surface adsorption
effects are also playing a part in the instability of composition.
In a second series of experiments, the change in equilibrium distribution
from the addition of reagents is being studied. In the FPS extraction process, a sequence of columns operated at different oxidation potentials is
proposed. Most of these changes in equilibrium are controlled by the
addition of BiCla or Mg to the system at appropriate points. Experiments
have been done in which these reagents have been added to a salt-metal
system at equilibrium. The results of two such experiments will illustrate
the behavior of these systems. In the first, an initial equilibrium was established in which the metal phase contained a fairly high concentration
*Molten salt which has been equilibrated for many days with molten Bi containing high concentrations of Mg and U. When each phase has reached constant
composition and there is no U in the salt, it is ready for use.
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of Mg. Its approximate value, together with those of the other constituents, are given in the first row of Table 22-9, Run 1. In view of difficulties
in sampling and analysis, these figures may be in error by 10 to 20%.
A quantity of BiCla which was more than equivalent to all the Mg was
then added. When a new equilibrium had been reached, it was found that
all the Mg and much of the Zr and U had been removed from the metal
phase; the second row gives the analytical figures. Metallic Mg was then
added to reverse the reaction; and the final equilibrium situation is given
by the figures in the last row. It can be seen that the U was restored to its
original concentration in the metal. It is of interest that this occurred
even though the final Mg concentration was much less than the original;
that is, the U distribution coefficient was insensitive to the Mg concentration when the latter's value was 100 ppm or more. This agrees with the
laboratory experiments discussed previously. Additional confirmation was
obtained in Run 2, in which an amount of BiCla was added which was less
than equivalent to the Mg. The results are given in Table 22-9, Run 2.
Here, when the Mg concentration was lowered from 320 to 140 ppm, the
Ce distribution coefficient increased, as one would expect, but the U remained unchanged.

22-3.3 Reaction rates. Previously, the equilibrium for the salt-metal
reactions was discussed. It was shown that most probably more than one
equilibrium contact will be required to remove the FPS. This means that
some kind of contacting between two flowing streams will be required in
TABLE

22-9

Concentration,
mole%

Concentration, ppm

Ce

Mg
Metal

50
50
50

440
10
110

20
20
20

240
160
210

10
1070
17

800
330
810

15
73
56

11
0.1
4

50
50

320
140

-

200
-

20
30

790
790

28
58

9
5

Run No. 1
Initial equilibrium
After BiCla addition
After Mg addition

u

Zr

Mg
Salt

Salt Metal Salt Metal Salt Metal
-- --- ----- -- ---

Run No. 2
Initial equilibrium
After BiCla addition
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the over-all chemical processing, using the fused chloride salt method.
Therefore, an examination of the reaction rates is important. When several equilibrium contacting stages are required, and it is desired to do this
in a flowing countercurrent system, it is necessary for the mass transfer
rates to be fast.
In this reaction there are at least three stages: transport of the reactants
to the salt-metal interface, the reaction proper, involving exchange of electrons, and transport of the products away from the interface. Situations
are conceivable in which any of these could be rate-limiting. In investigating so complex a situation experimentally, it is often possible to order
things so that one or more stages are fast relative to the others, thus permitting the kinetics of the latter to be studied alone. If, for example, the
reaction is made to go under conditions which are far from equilibrium,
i.e., the reverse reaction proceeding to only a negligible extent, the transport kinetics of certain species can be excluded from consideration.
A series of experiments of this type was carried out in which 2.2-mm drops
of Bi containing 200 ppm Sm 153 fell through 31 cm of molten ternary salt
eutectic. At the bottom, the drops were drawn off and analyzed. The
salt phase was initially free of rare earths, and its volume was 500 times
that of the total Bi which fell through, so transport of species in the salt
phase should not be rate-limiting. The contact time for each drop was
about 0.6 sec. Analysis showed that 753 of the Sm was extracted into the
salt. If we calculate the amount that would have been extracted had the
rate been limited by diffusion of solute to the surface of a spherical drop,
assuming rapid reaction at the interface, a smaller figure results. It may
be concluded that some turbulence exists within the drop, assisting the
diffusion process, and that the interface reaction is indeed fast.
Although further rate studies are required, the results at hand show that
considerable latitude is available to the process engineer in designing the
over-all process using these equilibrium and rate data. These possible designs may range from straight batch type contacting to completely auto.
mated countercurrent contacting.

22-3.4 FPS removal process. In the process design described [20], the
oxidant is BiCb and the carrier salt is the ternary eutectic NaCl-KClMgCb, which melts at 396°C. Sufficient oxidant is added to the salt to
remove the FPS, leaving the U for the most part behind. The FPS form
chlorides, which are considerably more stable than UCb, the most stable
chloride of U.
Equilibrium partition coefficients for Ce, Zr, and U, as functions of Mg
concentration, are shown in Fig. 22-3. For a particular Mg concentration,
the ratio of the Ce coefficient to that of U is a direct measure of how difficult it is to achieve a given degree of separation between the two solutes.
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Exit Salt
2436 lbs/Day

Fuel Stream
From Reactor

FPS
Mg
Zr

u

FPS 220.5
Zr 90.8
u 122.0

18.4
300.0
250.0
1500.0

FPS 215.0 (238 gm/Day)
-----.Zr
53.7 ( 59.5 "
)
u
1.8 ( 2.0 "
)
FPS 16.7
Mg 88.0
Zr 120.0
u 390.0

40600 lbs/day
Return to Reactor

Mg 185

5.5

- - - - - - - - - z r 36.7
FPS 5.5 U 1533
u 655.0
Mg 12 lbs/Day Mg 15.9 Zr 247
Si 2.69%
A

Inlet
Salt

f

Bi 10.4 %
BiCl3
93 lbs/Day U
966
B 1357 lbs/Day
Bi 975
500 lbs/ Day

f

BiCl3
2 lbs/Day

c

500 lbs/Day

t

UCl3
870 gms/Day
Bi 797 0
Mg 0.7 lb/Day

4

750 lbs/Day

Processing
_ _ _ _ _ _ _.,.Bi Stream

FPS 0
MgO
ZrO

uo

Note: Concentrations in Parts Per

106 Unless Otherwise Indicated

Fm. 22-4. Flowsheet for the removal of FPS and Zr fission products from an
LMFR fuel.

Ce is one of the least stable of the FPS chlorides, but in the treatment
which follows, FPS salt-metal equilibrium coefficients are taken to be the
same as that of Ce, that is, they are conservative. The slope of the Ce and
U lines in Fig. 22-3 is -1.5, signifying trivalency in the salt phase, while
that of the Zr is shown as -1, signifying divalency. The Zr line is drawn
dashed because experimental results are still preliminary, and the slope of
-1 was assumed rather than being firmly established by experiment. Unfortunately, the data available at this writing were obtained over a rather
short range of Mg concentration. Of the FPS, Rb and Cs are univalent
and Ba, Sr, and Sm are divalent, but all of these lie well above the Ce line
and would, therefore, be more easily extracted.
The total energy release per fission in the LMFR is estimated to be
194 Mev. For a reactor having a heat rate of 500 Mw, this means that
542 g of U 235 would be fissioned per day. Since the FPS represent about
443 of the total fission products by weight, 238 g of FPS's must be removed per day to maintain a steady concentration in the fuel. (See Table
22-10.) The Zr concentration is kept at about 250 ppm for purposes of corrosion inhibition, and the steady-state removal rate of this fission product
will be approximately 59 g/day. It is interesting to note that about 113
of the fission products end up as Zr. For a reactor with a heat rate of
500 Mw and a total fuel inventory of 150 tons, a fission-product Zr con-
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TABLE 22-10
STATISTICS ON V Amous FissroN-PRoDUCT GROUPS
For a 500--Mw reactor having a 150-ton Bi inventory containing 1000 ppm U23 3.

Group

FPS
Zr
FPN
N FPN (less Mo)
Mo
FPV

Approximate
Typical conreactor
centrations poisoning, 3
18ppm
250ppm
2ppm
174 ppm
lppm
16ppb

0.8
0.1
0.8
0.0
1.0

Removal Weight fraction of
total fission prodrate,
ucts produced
g/day
238
59
0.6
59
54

129

0.44
0.11
0.0011
0.110
0.10
0.24

centration of 250 ppm corresponds to a 590-<lay average residence time in
the fuel and gives a reactor poisoning effect of slightly less than 0.13.
· Figure 22-4 is a simplified flowsheet showing how the FPS may be removed from an LMFR fuel of a 500-Mw reactor. The high concentration
of Mg makes it difficult to extract the FPS, but the high concentration of
Zr makes it easier to extract that particular element. The high Mg concentration rules out the possibility of using a buffer method and necessitates the use of a stoichiometric method in the FPS removal step. Sufficient oxidizing agent (in this case BiCb) is added to the salt to remove
the required fractions of FPS and Zr. At the same time, most of the Mg
iq the fuel is unavoiadably oxidized.
After a suitable holdup period, the fuel flows at the rate of 0.34 gpm
through column 1, the removal column. This column, as· shown, has a
separative capacity equivalent to two equilibrium stages. The separative
capacity of the column is illustrated in Fig. 22-5, where concentrations,
relative flow rates, and equilibrium partition coefficients are shown. The
bottom stage operates under oxidizing conditions, while the top one operates under reducing conditions. This brings about relatively high concentrations in the middle of the column. The increase in the U concentration
in the fuel, in passing through the column, is to provide the necessary U
makeup for the reactor. The principal effects of increasing the number
of stages to three would be to lower slightly the Mg concentration in the
exit fuel stream, to increase considerably the FPS/U ratio in the exit salt,
and to decrease appreciably the Zr/U ratio in the exit salt. The first of
these by itself would be of little consequence, the second would be very
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Fuel Inlet
FPS = 18.4 ppm
Mg = 300 "
Zr= 250 "
U=1500"

40578
lb/Day

2436
lb/Day

FPS = 220.5 ppm
Zr = 90.8
U = 122

2451
lb/Day

FPS= 1012 ppm
Zr ="1048
U=5630"

815

Stage 1
(Reduction)
kFPS = 3.33
kZr = .295
ku =.0666
FPS =
Mg=
Zr=
u =

66.3 ppm
223
308 "
1834 ..

40593
lb/Day

Stage 2
(Oxidation)
kFPS = 185
kzr = 4.27
ku = 3.7
FPS=
Mg=
Zr=
u =

5.5 ppm
15.9
247 ..
1533 ..

40600
lb/Day

2458
lb/Day

Inlet Salt Stream
FPS= 5.5 ppm
Zr= 36.7
u = 6.55 ..
Bi= 2.69 °/.

Fm. 22-5. Typical concentrations in an FPS removal column with two equilibrium stages.

desirable, and the third would be undesirable. The last effect is actually controlling, which means that a three-stage separation is not as
good as a two-stage separation. Going in the other direction, a one-stage
separation gives very much lower FPS/U and Zr/U ratios in the exit salt,
thereby increasing the difficulty of subsequent U recovery. However,
certain advantages result from a single-stage operation-higher Mg concentration in the exit fuel allows easier control of the process, and higher
Zr concentration in the exit salt makes it easier to remove the Zr. The optimum number of equilibrium stages probably lies between one and two.
In column 2, the U in the salt stream from column 1 is recovered by extracting it into a second Bi stream. This column operates under the buffer
system, even though the Mg concentration in the metal stream drops 52%.
The separative capacity of this column is equivalent to four equilibrium
stages, and the variations of solute concentrations throughout the column
are shown in Fig. 22-6. The U losses in the exit salt stream were set arbitrarily at 2 g/day, for purposes of illustration. Obviously, in actual practice this quantity would be determined by economic considerations, i.e.,
it would be at such a value that the cost per gram of recovering any additional U would be more than it is worth. The process design of column 2
is controlled by the fact that the concentration of Zr in the exit salt stream
has to be 54 ppm for a salt fl.ow rate of 2436 lb/day and a reactor with a
500-Mw heat rate, i.e., 59 g of fission-product Zr must be removed per
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FIG. 22-6. Uranium recovery column with four equilibrium stages.

day. When the Zr concentration in the exit salt stream is fixed, the concentration of the FPS is also fixed, for the ratio FPS/Zr in the exit salt
stream must be the same ratio in which these materials are generated in
the fuel. The concentration of the FPS in the inlet fuel stream to column 1
was varied while the Zr concentration was held constant, until this condition was achieved. The concentration of 18.4 ppm for the FPS's corresponds to a total FPS poisoning effect of about 0.8%.
The processing Bi stream, column 2, contains 185 ppm Mg but no other
solutes. In passing through the column, the Mg concentration in the Bi
drops to 88 ppm, which means that the oxidation reduction potential between the salt and Bi phases changes appreciably throughout the column.
The fission products, Mg and U in the Bi stream from column 2, are all
oxidized completely into incoming salt stream B in vessel 3. The stripped
Bi, after addition of 185 ppm Mg, is then returned to column 2 to repeat
its cycle. The Mg-Bi stream is so small that a few days' supply could be
prepared on a batch basis if continuous addition of Mg to the recirculating
Bi stream proved difficult to control.
Vessel 3, conditions in which are highly oxidative, could be a short
column; its only function is to provide good single-stage contact between
the Bi and salt streams. The U makeup for the reactor, shown added as
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UCh to the snlt stream entering this vessel, is transferred to the fuel in
column 1. Alternatively, the bred U from the blanket could be transferred
from a Bi solution to the incoming salt. This Bi stream would be joined
to that from column 2 and later separated from it after leaving vessel 3,
or it could be contacted with the incoming salt in a separate vessel.
The exit salt from column 2 can be treated with a Ba-Bi or Ca-Bi solution to remove the FPS and U, thus making it possible to recirculate the
salt. The FPS's and U could then be slagged out of the Bi into a low-cost
salt mixture for storage.
The flowsheet in Fig. 22-4, for the sake of simplicity, does not show
holdup and storage tanks, instrumentation, pumps, or heat exchangers.
There are several possible variations of this flowsheet but, for the most
part, they include the three types of operations described above.
Owing to the fact that the oxidation-reduction potential varies considerably throughout the FPS removal column, it may be preferable to
operate it with concurrent flow within each stage and countercurrent flow
between stages. Alternatively, two separate concurrent columns could be
used. The U recovery column, on the other hand, would clearly be operated
with countercurrent flow because, chemically, conditions are reductive
throughout the column.
Design of extraction columns. The mechanical design of a proposed extraction column is shown in Fig. 22-7. Fuel enters at the top of the column
and is dispersed by the slots in each tray as it falls through the column.
The flow paths are indicated by arrows. Coalescence of the fuel drops
occurs on each tray. Salt, as the continuous phase, may flow either concurrently with or countercurrently to the fuel. Fuel coalescence promotes
thorough local mixing in the fuel and at the same time tends to minimize
axial dispersion in each phase.
Columns of the type shown in Fig. 22-7, about 3 to 6 ft long and 3 to 4 in.
in diameter, are expected to have satisfactory performance characteristics.
Such columns have not yet been tested under conditions simulating actual
practice, although their fluid dynamical behavior has been studied with
H 2 0 and Hg as substitutes for salt and Bi.

22-3.5 Process control of fused chloride process. The object of the
process described above is to remove 59 g of fission-product Zr and 238 g
of FPS from the fuel per day, at the same time losing only 2 g of U. For
this, careful control of the process is required. Continuous measurement
of the U concentrations in the salt streams from columns 1 and 2 will be
required. The U concentrations in these streams are good indicators of
column operation, i.e., if the U concentrations are correct, those of the
Zr and FPS should also be correct. Assuming constancy of fuel composition
and all flow rates, the two operating variables affecting the process are,
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Gas & Vacuum System

Fm. 22-7. Extraction column.

first, the BiCla concentration in the inlet salt stream to column 1 and the
Mg concentration in the inlet Bi stream to column 2. Each of these must
be controlled to give the proper concentrations of U in the salt leaving
columns 1 and 2. The operation of column 1 is the more difficult to control.
There are three inlet salt streams which eventually merge into the single
stream entering column 1. Stream A contains about 92% of the total
BiCla requirements, B contains about 2%, and C contains the remainder.
Streams A and Bare separated because of difference in corrosiveness, and
stream C provides fine control of the total BiCh addition. At least one
day's supply of each stream would be prepared in advance.
The Mg concentration in the exit fuel is a sensitive indication of the
rate of BiCla addition to the column and, consequently, of the U concentration in the exit salt. Thus controlling the rate of addition of BiCla to
column 1 by this Mg concentration would be more satisfactory than controlling it by the U concentration in the exit salt, because of the much
quicker response of the Mg concentration to changes in the rate of BiCla
addition. The damping effect of the column should then result in a fairly
uniform U concentration in the exit salt.
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Fm. 22-8. Effect of Mg concentration in exit fuel on the compositions of the exit
streams from the FPS removal column.

Figure 22-8 shows the effect of variation in the Mg concentration in the
exit fuel stream of column 1 on the steady-state concentrations of FPS,
Zr, and U in the exit fuel and salt streams. It is seen that changes in Mg
concentration have less effect the higher the Mg concentration; e.g., in the
case shown, the column would be much easier to control at an exit Mg concentration of 25 than at one of 15.
The results of studies at Brookhaven indicate that it should be possible
to measure continuously the Mg concentration in the exit fuel by means of
a galvanic cell. For this, Marsland [17] has used the following type of cell:
Zn/ZnCb(l 3 solution in NaCl-KCl-MgCb eut)Pyrex//
NaCl-KCl-MgCb eut/Mg (Bi).
The emf from such a cell would control the voltage to another, large electrochemical cell. This second cell, shown in the flowsheet, would add
BiC1 3 to inlet salt stream C, the rate depending on the demand from the
controlling cell.
The control of column 2 should be much less of a problem. The Mg concentration in the inlet Bi stream must be kept within certain limits to
maintain the desired concentration of U in the exit salt. Actually, column
2 can, to a considerable degree, correct for malfunctioning of column 1.
In the event that control of the process described in Fig. 22-4 should
turn out to be difficult, several steps which can be taken to correct the
difficulty: (a) decreasing the separative capacity of column 1, (b) increasing
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the salt flow rate, and (c) inserting a holdup tank between columns 1 and 2
to assure uniform composition of the salt entering column 2. As an extreme measure, the first column could be replaced by equilibration vessels,
but this would appear to be an unlikely eventuality. The magnitude of
the problem is defined by the continuous processing requirements, namely,
maintaining close control of very low uranium and fission product concentrations in streams of three interdependent contacting towers.
22-3.6 Processing to reduce radiation hazard. The continuous process
described above is based on an FPS concentration of approximately 18 ppm,
and calls for a processing rate of 0.45 gpm. These conditions were chosen
on the basis of poisoning considerations. If, however, safety considerations
were the determining factor, the processing rate would be greatly increased.
If the whole fuel stream were processed daily for removal of FPS, the concentrations of Sr90 and Cs137 , the two worst fission nuclides from the standpoint of biological hazard, could each be kept down to about 0.1 ppm.
This might well be a very desirable objective, and the processing rate would
still be only about 3 gpm.
22-3. 7 Pilot plant program for fused chloride process. Plans for an extensive pilot plant program for the fused chloride process are currently
being made. Some work on mechanical component development and materials of construction has already started. Several small loops are in operation at BNL, circulating fused salt. In these loops, mechanical components
such as pumps, valves, and control instruments are under development and
test. Concurrently, a corrosion test program is under way, as was discussed
in Section 21-5. A full-sized prototype pilot plant for the testing and
operation of a single extraction column is now being fabricated and constructed (Loop N). This pilot plant has been designed to circulate quantities
of bismuth fuel and fused salt comparable to those for a full-sized reactor,
as discussed previously in this chapter. In this pilot plant it is planned to
obtain operational data which will lead to a full-scale processing plant.
22-3.8 Heat generation by fission products. The problem of heat removal is an important consideration in the design of processes and equipment for handling radioactive fission products. This is particularly true in
the present case, because of the relatively short age of the fission products
at the time of their extraction from the fuel. However, heat removal from
fused salts does not present a difficult problem.
Figure 22-9 shows a family of curves giving the specific heat rates for
the FPS as a function of average residence time in the reactor and time
after removal therefrom [2,16]. The curves were calculated from fission-
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product heat-release data obtained from the Argonne National Laboratory.
Extrapolations to short decay times were made with the aid of the WayWigner expression for fission product decay heat.
The energy will be divided about equally between beta and gamma
radiation. For this fused chloride process, the heat release will, of course,
depend on the poison concentrations, but will probably range from 100,000
to 500,000 Btu/(hr)(ft3 of salt).
22--4.

FLUORIDE VOLATILITY PROCESS FOR FISSION PRODUCTS

As an alternative to the fused chloride process, a pyrometallurgical
process based on the volatility of UF 6 has been suggested by the Argonne
National Laboratory. A schematic flowsheet is given in Chapter 24 as
Fig. 24-18. This process would be operated batchwise.
In this process a batch of molten salt made up of 503 ZrF4 and 503 NaF
is poured into the graphite hydrofluorinator and heated to 600°C. The
fused salt is then sparged with HF gas, dissolving approximately 3 w /o.
After the HF gas is cut off, bismuth-uranium core fluid containing FPS is
introduced at the top of the vessel. Salt-metal contacting time is long
enough to permit hydrofluorination of the FPS, FPN, and U in the core
fluid and subsequent extraction of the resulting fluorides into the fused
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salt melt. Excess HF is sent to a scrub tower not shown in the figure. The
stripped bismuth is continuously withdrawn from the bottom of the
column into a storage tank, leaving enough Bi for a liquid seal. The
fluoride salt containing all the poisons and UF 4 is then routed to a nickel
fluorination vessel in which UF 4 is fluorinated to UF 6 by direct contacting
with fluorine gas. Other salts, such as MoF6, TeF6, RuF6, AsF3, IF5
and MbF5 [18], are also formed in this step, since they are present as
fission poisons. Since all of these materials are volatile, they will leave
the fluoride melt with the excess fluorine, and will then be condensed in a
cold trap maintained at approximately -40°0. An N aF trap removes
traces of TeF 6, AsF 5, and Rufs from the fluoFine before it is recycled.
These volatile fluorides are then sublimed from the cold trap by heating
to about 100°0, and distilled in order to complete the separation and purification of UF 6 from the other volatile fluorides.
The gaseous UF 6 is reduced by bubbling it with an excess of hydrogen
through fresh molten fluoride salt. The resultant UF 4 is trapped in this
clean salt melt. As shown in Fig. 24-18, the salt containing UF 4 is next
contacted with the stripped bismuth stream in an electrochemical reduction
step. In this step, the UF 4 is reduced to metal at a flowing bismuth cathode
while fluorine gas is released at the anode. The resultant bismuth-uranium
alloy, to which Mg and Zr have previously been added, is ready for re-entry
to th(> core.
As an alternative to this last electrochemical step, the UF 4 can be reduced
in the salt by direct contact with Mg-Bi.
Although the development work on this process is not as far advanced
as on the fused chloride process, enough work has been done so that the
process appears feasible. Small-scale laboratory work has indicated that
the hydrofluorination step can be-carried out successfully. Previous work
in other areas of the atomic energy program has supplied considerable
information on the direct fluorination step and the volatile fluoride distillation step. In the other areas of this process, less information is currently available.
The chief advantages of the fluoride volatility process is that it will be
operated batchwise and will give a complete, clean separation between the
uranium and all the fission products. This allows comparatively easy
control of the cleanup of the fuel and preparation of new fuel for the reactor.
Since each step of this process is batch, the instrumentation would be
comparatively simple and the operators would have complete independent
control of each step.
On the other hand, there are many difficult problems being encountered
in developing this process further. One of them is the severe corrosion
encountered in the various steps. The chemistry of the hydrofluorination
in the first step has to be proven out conclusively. It is believed that by
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close temperature control the oxidation of bismuth can be prevented.
However, the free energy of formation of bismuth fluoride is rather close
to those of some of the fission products. From an economic point of view,
some means will probably have to be found for cutting down the cost of
fluoride salts sent to waste. Zirconium fluoride is quite expensive and
could be an important item in the total expense of the program.
22-5. NoBLE F1ss10N PRODUCT REMOVAL

22-5.1 Characteristics of FPN poisoning. Owing to the fact that they
include no nuclides which are particularly high neutron absorbers, the FPN
can be allowed to build up to relatively high concentrations in the fuel.
The two worst poisons are Tc 99 with a 19-barn thermal cross section, and
stable Rh 103 with 150. For the reactor conditions described earlier, the
poisoning effect of the FPN (less Mo) is essentially proportional to their
concentration or average residence time in the fuel. The relationship is
Percent poisoning= 0.0020 (average residence time in days).
Table 22-11 shows the concentrations of the FPN and NFPN elements
after a 400-day operating period. It is seen that the FPN group represents
only about 13 of the total soluble FPN.
TABLE 22-11
FPN CONCENTRATIONS AFTER 400 DAYS OF OPERATION
FPN group
Element

ppm

Ag
Cd
In
Sn
Sb

0.21
0.44
0.07
0.58
0.42

Total

1. 72

NFPN group
Element
Se
Nb
Tc
Mo*
Te
Ru
Rh
Pd
Total

ppm
0.75
5.0
39.0
1
23.0
80.0
17.0
9.2
175.0

*Solubility of Mo is less than 1 ppm; if solubility had not been exceeded, its concentration would
be 146 ppm.
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The FPN group, minus Mo, represents 11 a/ o of the total fission products.
With practically all the Mo out of solution, a 400-day residence time gives
an FPN concentration of 177 ppm with a reactor poisoning effect of about
0.83 for a 500-Mw reactor. To maintain that concentration, the fuel
would have to be processed at the rate of only 9.2 gal/day, assuming complete removal of the FPN's. The size of the batches, and therefore the
frequency of processing, would be determined by economic factors. Processing would begin probably after 400 days of full-power operation.
22-5.2 Chemistry of NFPN removal by zinc drossing. The process
adopted for the NFPN fission products is basically the same as the Parkes
[19] process for desilvering Bi. Experiments conducted by the American
Smelting and Refining Co., under a research subcontract with the Brookhaven National Laboratory, and by Argonne National Laboratory have
given very encouraging results. A few results are given in Tables 22-12
and 22-13 to illustrate the high efficiency of the process. In a series of
experiments, Ru, Pd, and Te were dissolved in Bi at 500°C. Zn was added
in three concentrations, 1, 2, and 33. In each case, the mixture was
agitated and then cooled to 400°C. The concentrations of the original
solutes, both in the filtered Bi solution and in the skimmed-off dross, are
shown in Table 22-12.
TABLE 22-12
REMOVAL OF NFPN METALS FROM BI WITH ZN

Concentrations at 400°C, ppm

Amount of Zn
added, 3

0
1
2
3

Metal
Ru
15
3
0.6
< 0.5

Pd
62
22
5.3
1. 9

Dross
Te

Ru

Pd

Te

25
1.5
1.0
< 0.1

18
324
216
187

64
1280
1038
847

357
610
320
213

As shown by the results in Table 22-13, the amount of Zn required decreases as the precipitation temperature is lowered. The less Zn added,
the less to be extracted later.

22-5]

NOBLE FISSION PRODUCT REMOVAL

825

TABLE 22-13
REMOVAL OF NFPN METALS FROM BI WITH 0.53 ZN
AT VARIOUS TEMPERATURES
Concentrations in Bi, ppm
Temperature, °C
Ru
Original solution, 500
450
Zn added,
400
350
300
Freezing point

44
31
12
2.4
1.5
1

Pd
26
31
11

4
1.6
0.9

Rh
12
9.5
1.2
0.5
0.5
0.5

Te
100
8

0.6
0.6
0.6
0.6

22-5.3 FPN removal for the fused chloride process. The zinc drossing
process has been modified for use with either the fused chloride or the
fluoride volatility process. In this article, the modification for the fused
chloride process is discussed, and in the ·next, that for fluoride volatility
will be described. In both cases, the NFPN removal is essentially the same.
Flowsheet. The proposed process is represented in Fig. 22-10. From the
FPS-removal plant, the fuel is charged to vessel 1, which is an equilibration
tank having both agitation and heat-removal facilities. Here it is contacted
with ternary chloride salt and just enough BiCla to oxidize the FPS, Mg,
Zr, and U into the salt. The fuel stream is then fed into vessel 3, where
practically all the FPN fission products are removed from the Bi with
Zn. The more noble fission products form intermetallic compounds with
Zn, which are skimmed off the top of the Bi after cooling it close to its
freezing point. Thus far, it is known that Se, Nb, Te, Ru, Rh, and Pd of the
NFPN group and Ag of the FPN group can be removed from Bi by Zn
treatment. It is a general observation that all elements more noble than
Bi are removable by Zn. The extents to which the FPN elements Cd, In,
Sn, and Sb and the NFPN element Tc are removed by Zn have not yet
been determined. It is probable that both In and Sn will not be appreciably
removed.
The concentration of Zn required is less than 0.5%, which is well below
its solubility limit at 500°C. The Bi from vessel 3 is charged to vessel 4,
where the residual Zn and FPN are removed by oxidizing them to chlorides
with ternary chloride salt containing BiCla(Cl sparging could also be used).
The stripped Bi is then fed to vessel 2, where it is contacted with the salt
from vessel 1. Sufficient Mg is added to the Bi in the vessel to transfer all
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To Solt Recovery
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Fm. 22-10. Flowsheet for the removal of FPN fission products from an LMFR
fuel.

the FPS, Zr, and U in the salt back into the metal and still leave about 300
ppm Mg in the Bi as it is returned to the reactor. In vessel 2, the Fe and
Cr concentrations in the Bi should be brought back up to those in the
incoming fuel.
A portion of the stripped Bi from vessel 4 may be sent directly to a
holdup tank and used for fuel-adjustment purposes. Similarly, a concentrated solution of U in Bi may be made in vessel 2, also for fuel adjustment
purposes.
Vessel 2 can be eliminated and its function taken over by vessel 1. The
two vessels were included in Fig. 22-10 for convenience in explaining the
process. All vessels are similar in design and equal in size. To handle 275
gal (one month's accumulation) of metal, they should have a total volume of
about 350 gal. The operations in vessels 1 and 2 should be conducted in
02-free atmospheres, but this condition is not necessary for the operations
carried out in vessels 3 and 4.
Molybdenum removal. Mo is really a special member of the NFPN group.
Its solubility at 375°C, probably the coldest fuel temP.erature, is estimated
to be less than 1 ppm. Moreover, it is produced at a rate equivalent to
0.38 ppm/day. Thus, probably the most feasible way to remove Mo would
be to precipitate it out of solution onto cold fingers immersed in the circulating fuel. The precipitation rate for a 500-Mw reactor would be 54 g/day,
most of which would be stable Mo. Even with cold traps, some Mo will
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very likely precipitate throughout the fuel system where it is generated.
Information on this will be obtained in the LMFR Experiment No. 1.
Polonium removal. The behavior of Po in the FPS and FPN removal
processes described above is not clear. Chemically, it is more noble than
Bi and should not form an intermetallic compound with Zn, indicating that
it should always remain with the Bi. In preliminary equilibration experiments with chloride salt mixtures, it was found that about 1% of the Po
transferred to the salt, but whether this was due to chemical oxidation or
volatilization is not presently known.
Heat generation rates. The maximum rate of heat removal from the charge
in vessel 1 is estimated to be about 290 kw (250 from the fission products
and 40 from the Po) and from vessel 3 about 240 kw (200 from the fission
products and 40 from the Po). These values can be greatly reduced by
allowing the 275 gal of fuel to "cool off" for several days before processing.
The rate of heat removal can be kept sufficiently low so that cooling the
vessels does not present too much of a problem.
The worst heat-removal problem arises when the NFPN's are concentrated in the Zn,Bi-NFPN sludge; but the generated heat can be removed satisfactorily by leaving the intermetallic sludge in contact with
some molten Bi in the "extraction" vessel for a short while until it can be
skimmed off and sent to waste without danger of excessive heating.

22-5.4 FPN removal process for the fluoride volatility process. The
flowsheet for this proposed process is given in Fig. 24-20. The feed stream
for the FPN fission product removal plant is taken from the fluoride volatility plant after the bismuth is free of all the uranium and FPS. This bismuth stream now contains only FPN. In a batch vessel, it is brought in
contact with a small amount of zinc (approximately 0.5 w/o). As the contents are cooled, the zinc forms intermetallics with the FPN and NFPN
elements, as described previously. This zinc dross floats to the top, is
skimmed off and sent to the zinc waste. From the bottom of the vessel,
the bismuth stream containing some zinc is sent to a zinc crystallizer, where
the temperature is further decreased. Some of the zinc crystallizes and is
removed from the top for recycle back to the first vessel. It is proposed
to remove the remaining zinc by a distillation operation shown on the
flowsheet as Still. The bismuth from the Still is ready for return to the
volatility plant for the addition of uranium, magnesium, and zirconium.
The entire FPN plant would be operated batchwise. The quantity of
material handled would probably be about the same as for the previous
process, about 275 gal. The heating problem for this process also would be
about the same as for the process described previously.
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Fm. 22-11. Flow diagram for processing a 10 w/o Th-Bi breeder-blanket slurry
to remove Pa 2sa and u2sa.

22-6.

BLANKET CHEMICAL PROCESSING

As is pointed out in Chapter 20, the easiest blanket to handle in the
LMFR would be a 10 w/o thorium-bismuthide slurry in bismuth. Chemical processing of this blanket would be very similar to the core processes
already described. The major problem consists in transferring the bred
uranium and protactinium from the solid thorium bismuthide to the liquid
bismuth phase, so that they can then be chemically processed. Two examples of proposed processes are shown in Fig. 22-11, which shows a process that can be used with the fused chloride salt FPS removal process, and
in Fig. 24-19, which shows a flowsheet for a process to be used with the
fluoride volatility process.
In the process of Fig. 22-11, a typical two-fluid 500-Mw LMFR would
have a blanket of about 400 tons of material containing approximately
103 Th and 903 Bi. The material balance shows that 5.52 tons/day
would be withdrawn and processed. In the first step, an additional 5.52
tons/day of bismuth containing fresh thorium is added to the stream,
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primarily to dilute the thorium bismuthide to half its first value. This slurry
is then raised in temperature until a complete solution is obtained. When
this is done, all the uranium and protactinium as well as fission products
dissolve in bismuth. In the next step, the thorium bismuthide is reconstituted by cooling methods such as described in Chapter 20. The U, Pa,
and fission products will remain in solution in the bismuth. Then a phase
separation at 350°C can be carried out. This gives a recycle stream of
5.52 tons/day containing 103 Th going back to the blanket and 5.52
tons/day of Bi with about 953 of the original U and Pa dissolved in it.
This stream then goes to column 1 of the fused chloride salt FPS removal system, where all the Th, U, Pa, and FPS are transferred to the
ternary chloride salt. Meanwhile, the stripped Bi is returned to dilute
more blanket thorium bismuthide.
In the last step, the Pa is allowed to decay to U for about 130 days. At
the end of this time, practically all (99.53) of the Pa would be converted
to U, and the U would be separated from the Th and FPS by the methods
previously described. As shown on the flowsheet, this would result in the
production of approximately 500 g/day of U 233 for charging into the core
fluid.
The flowsheet for the bismuthide slurry head-processing shown in
Fig. 24-19 shows a similar technique for handling the transfer of U and
Pa from the intermetallic solid to the liquid bismuth.
As yet neither of these processes has been tried in the laboratory. As
work progresses on the bismuthide blanket system, further work on the
chemical processing will be carried out.
22-7. ECONOMICS OF CHEMICAL PROCESSING
Basically, in evaluating the economics of chemical processing, the cost
of neutrons in the form of uranium fuel wasted to fission-product poisoning must be balanced against the cost of operating the chemical processing
units for removal of the fission-product poisons. In the over-all operation
of an LMFR reactor and its auxiliary chemical processing plant, the attainment of the highest breeding ratio will not necessarily give the lowest
cost power. When the price of fuel is fixed as it is now by the U.S. Government, or by general market conditions, then the cost of the chemical processing becomes the variable which must be operated upon in order to justify
a high breeding ratio.
As is shown in Chapter 24, the chemical processes now available and
under development are so expensive relative to the cost of fuel that optimization of the reactor conditions for a two-region reactor indicates a
most economic breeding ratio of about 0.86, and for a single region reactor
about 0.75. These figures can be increased toward one or better by de-
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creasing the cost of chemical processing. However, it must be kept in mind
that the fission products are not the only neutron poisons present in the
LMFR. Such other neutron poisons as the bismuth, the structural materials, and the higher uranium isotopes will be present even though the
fission and corrosion products levels are kept to zero percent.
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CHAPTER 23
ENGINEERING DESIGN

23-1.

REACTOR DESIGN*

The LMFR readily lends itself to a wide variety of designs and arrangements. The concepts proposed to date may be classified according to type
as being internally or externally cooled and either compact or open arrangement of cycle. Such classification has been brought about in an attempt to present designs which minimize bismuth and uranium inventories.
If we assume the cost of U 235 to be $20/g and that of bismuth to be
$2.25/lb, a U-Bi solution of 700 ppm uranium by weight would cost approximately $6000/ft 3 . This high volume cost makes it very important to
design the LMFR with the minimum possible holdup.
In addition to the variety of cycle arrangements, several different
coolants are possible. The U-Bi may be used directly to produce steam, or
a secondary fluid such as N aK or sodium may be used. The LMFR has
also been proposed as the heat source for a closed-cycle, gas-turbine power
plant [2].

23-1.1 Externally cooled LMFR. In an externally cooled LMFR the
fuel is circulated through the core to an external heat exchanger, where the
heat is removed by the secondary fluid. This type provides the simplest
core design, requiring simply an assembly of graphite pierced with holes
for circulation of liquid-metal fuel. The major problems of heat transfer
are essentially removed from the core design.
23-1.2 Internally cooled LMFR. The internally cooled LMFR is designed so that the liquid fuel remains in the reactor core. The core thus
acts as a heat exchanger in which the heat is transferred to a secondary
fluid flowing through it to an external heat exchanger or steam generator.
The internally cooled design offers a means of substantially reducing
the U-Bi inventory of the system, but considerably complicates the design
of the core. The core must be designed to accommodate two fluids and sufficient surface for transferring heat from one to the other. The introduction ·
of a secondary fluid in the core requires a greater uranium concentration
than in the externally cooled system, which has only U-Bi and graphite in
the core. The required concentration cannot be achieved with U-Bi so*Based on material by T. V. Sheehan, Brookhaven National Laboratory, Upton,
L. I., New York.
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Fm. 23-1. Externally cooled compact arrangement LMFR for closed-cycle gas
turbine.

lutions, since these concentrations approach the solubility limits for the
temperatures presently being considered (400 to 550°C).
23-1.3 Compact arrangements. The compact arrangement may best be
described as an integral or "pot type" design and may be internally or externally cooled. In such a design [1] the fluid fuel remains in the core except for small amounts which are withdrawn for reprocessing. The breeding
fluid acts as a coolant by circulating through blanket and core and thence
through heat exchangers which are also contained within the primary
reactor vessel.
Figure 23-1 shows a concept of an externally cooled compact reactor
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arrangement for a closed-cycle, gas-turbine power plant [2]. In this arrangement the fuel is circulated through the core and heat exchanger,
which are contained inside the same vessel. The compact arrangement
offers a means of reducing the U-Bi inventory over a particular reactor
designed with an open-cycle arrangement. It does, however, increase the
problems associated with design of the core, blanket, and reactor vessel.
The compacting of all the equipment into a single vessel reduces the flexibility of mechanical design which the open arrangement allows, as well as
intensifying the problems of thermal expansion. The reactor vessel not
only becomes larger, but the number of openings is also increased, both of
which complicate the vessel design. Nevertheless, as operating experience
with materials and equipment becomes available, the compact arrangement may provide a means of improving the economics of the LMFR
system.
23-1.4 Open arrangements. The open arrangement is the type receiving
the most consideration at present because of the flexibility and simplicity
of design it affords the system components. Figure 23-2 shows one concept of an externally cooled LMFR using the open-cycle arrangement [3].
In this design both blanket and core fluids are circulated to heat exchangers located outside the reactor vessel. This type of arrangement also
allows greater freedom of design for maintenance of equipment. Means
must be provided for removal and/or maintenance of system components
under radioactive conditions. The open arrangement makes it easier to
provide such facilities. The major disadvantage of this arrangement is the
high U-Bi inventory.
The open-cycle arrangement may also be employed in an internally
cooled LMFR to reduce fuel inventory, but it introduces those problems
peculiar to internally cooled systems.
23-1.5 Containment and safety requirements. The high negative temperature coefficient and low amount of excess reactivity available make the
LMFR inherently stable and safe. However, any rupture of the primary
system, whether by reactor excursion or otherwise, would release fission
products and polonium to the surrounding atmosphere. .The primary
system must therefore be surrounded with a secondary vessel for containment of radioactivity in case of such a failure. Since all materials in the
reactor core have very low vapor pressures, the containment vessel need
not be designed to withstand any appreciable pressure. The containment
problem in the LMFR is one of containing the high-temperature liquid
metal together with fission products, and such containment can be accomplished by lining the reactor and primary circuit cells with a gastight
steel membrane. This containment vessel also acts as a catch basin for
recovery of U-Bi in case of leaks.
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Fm. 23-2. Externally cooled open-cycle arrangement LMFR.

The arrangement of the containment vessel also depends on the heatremoval design. If an intermediate heat-transfer fluid such as sodium or
N aK is used, the containment may be handled as above. If a direct U-Bi to
steam cycle is used, a double-wall heat exchanger must be used to maintain
double containment, unless the entire building is constructed to act as the
second containment barrier.
In the event of a leak in the system, the U-Bi would be drained to a
dump tank. This tank would be provided with adequate cooling to remove
the decay heat from fission products.
23-1.6 Design methods. The vessels in an LMFR are designed in accordance with the Code for Unfired Pressure Vessels [4]. Vessels would be
of welded construction with all seams radiographed and stress-relieved.
The design temperature used can be as high as 1100°F. For 2!% Cr-1 %
Mo steel, this gives allowable stresses of 4200 psi for normal operating conditions and 9200 psi for emergency, short-duration conditions. These figures
correspond to 1% creep strength for 100,000 hr and 10,000 hr, respectively.
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23-1.7 Maintenance and repair provisions. Provisions for maintenance
and repair of the LMFR raise several problems. It is anticipated that a
substantial level of activity will be induced in the system by the circulating
fuel. This means that the system should be designed so that it can be maintained despite the high radiation level. Several approaches, not mutually
exclusive, to this problem are being considered:
(1) If maintenance or repair to a component is required, the entire component will be removed from the system and a new one inserted.
(2) All connections between components will be made in one area, fully
biologically shielded from the components themselves. When a component is to be removed, its connections are shielded from adjacent connections by portable shielding if the work is to be done directly rather than remotely. The connections are broken and the shielding is removed above the
pipes leading to the component in question. The component is removed
with the overhead crane and a new one set in place. The shielding is replaced, and the connections are remade. The connections are accessible
and pipes do not overlay each other so as to prevent removal of any
disconnected component. Unfortunately, placing all connections in one
channel increases the fuel inventory since the piping for this arrangement is
somewhat longer than that required for a more conventional arrangement.
(3) Both mechanical and welded connections are being studied, with a
view toward the ease with which connections can be made and broken both
directly and remotely.
(4) Remote methods of performing maintenance tasks (welding and cutting pipe, making and breaking flanged joints and closures) are being
studied, since direct maintenance will not be possible in some areas.
(5) Fluidized powders, shot, and liquids are being studied as possible
portable shielding media.
23-2.

HEAT TRANSFER*

In the open-cycle externally cooled, two-fluid LMFR, the bismuthuranium solution serves as the primary coolant as well as the fuel. In the
reactor itself, there is no actual heat transfer. Instead, the solution acts as
a transporter of heat to an external heat exchanger. In evaluating bismuth
as a primary coolant, it is helpful to make a comparison between it and
three other coolants: sodium, a typical alkali metal coolant; LiCl-KCl
eutectic, a typical alkali halide salt mixture; and water. (The salt eutectic
used here would not be a suitable primary coolant for a thermal reactor.
Its heat transfer properties, however, are typical of salt coolants.)
*Based on material by 0. E. Dwyer, Brookhaven National Laboratory.
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The ideal primary coolant for a nuclear power reactor should have the
following characteristics:
(1) High heat-transfer rates.
(2) Good gamma absorptivity.

(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

Low pumping power requirements.
Low melting point.
Low vapor pressure.
Low corrosion rate.
Low chemical reactivity.
Low neutron absorption.
Low induced radioactivity.
Low cost.

In order to have the above characteristics, the coolant should have the
following physical properties in either a high or low amount:
(1) Density (high): affects pumping power requirements, heat-transfer
characteristics, and gamma shielding requirements.
(2) Thermal conductivity (high): affects heat-transfer characteristics.
(3) Specific heat (high): affects heat-transfer characteristics and coolant
flow rate.
(4) Viscosity (low): affects pumping power requirements and heattransfer characteristics.
(5) Melting point (low): affects auxiliary heating requirements.
(6) Vapor pressure (low) : affects mechanical design of reactor and system
components.
(7) Volume change on fusion (low): affects startup and shutdown procedures.
(8) Coefficient of volumetric expansion (high): affects thermal pumping
capacity and, where primary coolant is also the fuel, reactor reactivity.
(9) Electrical resistivity (low): affects applicability of electromagnetic
pumps.

Table 23-1 summarizes the physical properties of bismuth which are
relevant to nuclear reactor design and in the temperature range of practical
interest from the standpoint of electrical power generation [5,6].

23-2.1 Nuclear aspects of coolants. From the nuclear standpoint, five
important characteristics of primary reactor coolants are their capacities
for (1) absorbing thermal neutrons, (2) slowing down neutrons to the
thermal energy level, (3) absorbing gamma radiation, (4) developing induced radioactivity, and (5) resisting radiation damage.
In Table 23-2 the thermal neutron absorption cross section and neutronslowing-down power of Bi are compared with those of Na and H20. Bis-
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23-1

PHYSICAL PROPERTIES OF BISMUTH

Atomic weight
209
Melting point
271.0°C (520°F)
Boiling point
1477°C (2691°F)
Volume change on
fusion
-3.323
Temperature, 0.C
300
400
500
600
572
932
1112
Temperature, °F
752
Vapor pressure,
10-9(I)
3.5 x 10- 5 * 2.3 x 10- 4 6.3x 10- 4
mm Hg
Density, g/cm3
9.91
9.66
10.03
9.79
Specific heat,
0.0343
0.0354
0.0365
0.0376
cal/ (gm) (°C)
Viscosity, centipoises
1. 66
1.37
1.16
1.00
Thermal conductivity,
Btu/ (hr) (ft) (°F)
9.9
9.0
9.0
9.0
Electrical resistivity,
145.2
128.9
134.2
139.8
ohms
480
U solubility, ppm
1850
5100
13000
*Extrapolated results.

muth with a macroscopic cross section of 9.0 X 10- 4 cm-I at 450°C has
the lowest neutron absorption characteristic of any practical coolant, with
the exception of D20 and certain gases. Its "reactor poisoning" effect is
at least an order of magnitude below those of sodium and water. The
slowing-down power of Bi is very low, however, which means that when it is
used as the primary coolant in a thermal reactor it contributes very little
moderating capacity. The term ~N<Tw in Table 23-2 represents the decrease
in the natural logarithm of the neutron energy per centimeter of travel
through coolant.
The gamma absorption coefficient, µ, is defined by the equation
di =-µIdx

(23-1)

and has the units of cm-I. Values ofµ for 450°C Bi at several gamma
energies are shown in Table 23-3, along with those for Na and H 20.
Bismuth, because of its high density, is an excellent absorber of gamma
radiation, which means that it provides considerable internal shielding.
The values presented in Table 23-3 are estimates based on the theoretical
calculations of Davission and Evans [8].
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TABLE 23-2
SOME NUCLEAR PROPERTIES OF

vARIOUS

REACTOR COOLANTS

MacroThermal
Thermal
Slowingneutron
scopic
scattering
down
~.*
cross
cross
Temp.,
cross
dimension- power,
Coolant
section [7], section [7], Density section,
less
~Nu,,
p,
u.,
Nau,
Uai
cm-I
3
cm-I
barns
g/cm
barns

oc

Bi
Na
H20

450
450
250

0.032
0.505
-

9.82
0.841
0.802

0.00090
0.011
0.018

9
4.0

0.0095
0.084
-

-

0.0024
0.0074
1.23

*Average decrease in the natural logarithm of the neutron energy per collision.

TABLE 23-3
VALUES OF µ, THE GAMMA ABSORPTION COEFFICIENT,
FOR VARIOUS REACTOR COOLANTS AS A FUNCTION OF ENERGY

Coolant

Bi
Na
H20

Energy, Mev

Temp.,

oc

450
450
250

0.5

1.0

1.5

2.0

3.0

1.57
0.070
0.078

0.70
0.051
0.057

0.52
0.042
0.046

0.44
0.036
0.039

0.41
0.029
0.032

Regarding the tendency for developing induced radioactivity, Bi has a
serious disadvantage, owing to the formation of Po 210 , a very energetic
alpha emitter with a 138.3-day half-life. Its formation and decay can be
represented as follows·:

-{3

a

Bin<19mbl--+ Bi210---+ p 0 210 ----+ Pb206.
5d
138.3 d
Po 210 is one of the most poisonous materials known, the maximum allowable concentration in air being 7 X 10- 11 µc/ml or 3.75 X 10-s ppm.
Another troublesome feature of Po 210 is its tendency to scatter throughout

840

ENGINEERING DESIGN

[CHAP.

23

any accessible volume, due to recoil from its high-energy alpha emission.
Thus, spillage of solutions containing Po 210 constitutes a most serious physiological hazard. In the LMFR, however, it is not believed that the presence
of Po 210 in the fuel stream creates a more serious radioactivity problem
than already exists as a result of the fission products.
Sodium is not free of the radioactivity problem either, but as a primary
coolant it is not as bad in this respect as Bi. Water is comparatively free
of induced radioactivity after short holdup times. For the same flux
conditions, Na will give over 20,000 times as much radioactivity, on a
roentgen basis, as H20.
Liquid metals, because of their simple atomic structure·, suffer no radiation damage.
23-2.2 Pumping-power requirements. An important criterion for assessing the relative merits of different coolants is the amount of pumping
power required for a fixed rate of heat removal in a given application. The
three main pressure drops in the primary coolant circuit are those in the
reactor, the external heat exchanger, and the interconnecting piping. A
comparison of the four different types of coolants will now be made on the
basis of their relative pumping-power requirements, with respect to the
interconnecting piping and the heat exchangers. The physical properties
of the coolants are listed in Table 23-4. The properties of the first three
are evaluated at 450°C, as a typical average primary coolant temperature
for such coolants, and those for water at 250°C.

TABLE

23-4

PHYSICAL PROPERTIES OF SoME TYPICAL REACTOR CooLANTs

Property

Melting point, °F
Boiling point, °F
Density, lb/ft3
Specific heat, Btu/ (lb) (°F)
Heat capacity, Btu/(ft3)(°F)
Thermal conductivity,
Btu/(hr)(ft)(°F)
Viscosity, cp
Prandtl number, Gp µ/k

Bi
450°C
520
2691
615
0.036
22.1
8.95
1.28
0.0125

Na
450°C
208
1621
52.5
0.304
15.95
39.5
0.245
0.00454

KCl-LiCl
450°C
664

103
0.31
31. 9
1.47
3.4
1. 7

H20
250°C
32
212
50.0
1.16
57.8
0.357
0.110
0.863
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The pumping power required to circulate the coolant through the piping
system per unit rate of heat transport for a fixed temperature rise in the
coolant has been shown [9] to be
</> _ pumping power
p-

µ02

(a constant) p2 CP 2 _8 •

heat load

(23-2)

The quantity µ 0 · 2 /p 2Cp 2 ·8 , represented here by the symbol X, is an index
of the pumping power required to circulate a coolant through a fixed
piping system, for a given heat load. Table 23-5 gives relative values of X
for the four typical coolants mentioned above. The units and values of the
physical properties used in evaluating X are the same as those given in
Table 23-4.
TABLE
RELATIVE VALUES OF

X

23-5
FOR VARIOUS COOLANTS

FLOWING THROUGH A FIXED PIPING SYSTEM

Coolant

Temp., °C

Bi
Na
LiCl-KCl
eutectic

450
450
450

H20

250

xx 104
308

77
32
1. 7

The very large spread in pumping-power requirements is striking. Bismuth has about four times the pumping-power requirements of sodium and
both have manifold greater requirements than that of water, which has
the least of any known liquid. The tremendous superiority of water as a
heat-transport medium is due to its low viscosity and very high volumetric
heat capacity.
23-2.3 Heat transfer for LMFR. So far as is known, no heat-transfer
data have been obtained for liquid bismuth. However, several investigators
[10-14] have published experimental heat-transfer results on the bismuth
lead eutectic and on mercury. For these results the Lubarski and Koffman
equation [15] expresses the results most closely:

(23-3)
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This equation may be used for turbulent flow in round tubes or for turbulent
flow outside round tubes.
In obtaining the heat-transfer coefficients for comparison with bismuth,
the sodium coefficients were calculated from the Martinelli-Lyon relationship. The coefficients for molten salt and water were calculated from the
conventional Dittus-Boelter equation.
Using the above relationships and assuming (1) total fixed heat load,
(2) fixed diameter of tubes, (3) fixed inlet and outlet temperatures, (4) average bulk temperature of coolants same as in Table 23-4, and (5) combined
heat-transfer resistance of tube wall and second fluid equals 0.001, a typical
value for 1-in. ID alloy steel tubes with 0.1 in. wall, the values in Tables
23-6 and 23-7 were calculated. Although the heat-transfer characteristics
of bismuth are slightly inferior to those for sodium, it is clear from these
two sets of calculations that all four coolants behave similarly.
The heat-transport capability of bismuth are simply related to its volumetric heat capacity. The values of this property are given in Table 23-4.
Bismuth is definitely superior to sodium but inferior to the fused salt and
water.
To achieve good thermal contact between bismuth and a solid metal
surface, the surface must be cleaned to a high polish, the bismuth must
be free of oxide and dissolved gases, and the system must be filled under a
high vacuum. Gases or oxides on the heat-transfer surface can greatly
reduce the heat-transfer coefficient for bismuth. Bismuth has a less stable
oxide than the oxides of iron, chromium, and nickel which may be present
on the tube surfaces. Hence the bismuth would have a tendency to nonwet the walls.
Good wetting of alloyed steels by bismuth may be achieved by adding
small amounts of alkali or alkaline earth metals, by heating to high ternTABLE

23-6

COMPARISON OF COOLANTS IN HEAT-EXCHANGER DESIGN
WHEN NUMBER OF TUBES IN PARALLEL IS FIXED

Coolant

Bi
Na
LiCl-KCl
eutectic
H20

Velocity
of flow,
ft/sec

Btu/(hr)(ft) 2(°F)

Btu/ (hr)(ft) 2(°F)

u,

Relative size of
heat exchangers

15
20.8
10.4

2700
10230
2400

730
910
706

1.00
0.87
1.12

2360

703

1.12

5.73

h,
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peratures (above 1200°F), or by both. For good heat transfer with bismuth
extreme care must be taken to ensure oxide- and gas-free systems.
23-2.4 Heat-exchanger design. In a commercial liquid-metal fuel system, the primary bismuth coolant would probably exchange heat with a
secondary metal coolant before generating steam. Typical conditions for
a 5-Mw countercurrent bismuth-sodium heat exchanger are given in
Table 23-8.

23-3.

COMPONENT DESIGN*

This section discusses the design and development experience obtained
on components required in LMFR systems. Besides the requirements for
these systems, considerable component development is needed in the research and development program for experimental apparatus. Both kinds
of components are treated here in detail and by case histories.
23-3.l Pumps. In the case of liquid-metal pumps, which can be classified
as mechanical or electromagnetic, a good deal of preliminary development
work has been done by the Fairchild Engine and Airplane Corporation
Nuclear Energy for Propulsion of Aircraft Division (NEPA), the AllisChalmers Co., the Babcock & Wilcox Co., and the Government Laboratories, KAPL, ORNL and ANL [19].
TABLE

23-7

COMPARISON OF COOLANTS IN HEAT-EXCHANGER DESIGN
AT FIXED LINEAR VELOCITY OF

Coolant

Bi
Na
LiCl-KCl
eutectic
H20

15

FT/SEC

Relative
Relative
number
Temp.,
size of
u
h,
of tubes
' 2 (°F)
oc Btu/ (hr) (ft) 2 (°F) Btu/ (hr) (ft)
heat
in
exchangers
parallel
n
1.38n
0.69n

450
450
450

2770
8810
3200

730
897
762

1.00
0.88
1.03

0.42n

250

5150

837

0.94

*Based on a contribution by C. Raseman, H. Susskind, and C. \Vaide, Brookhaven National Laboratory.
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23-8

TYPICAL CoNDITIONS IN A CouNTERCURRENT,
Br-NA HEAT EXCHANGER

Tube material
Thermal conductivity of tube, Btu/(hr)(ft)(°F)
Tube inside diameter, in.
Tube thickness, in.
Tube spacing (triangular), in.
Bi temperature (bulk), °F
Bi velocity (outside tubes), ft/sec
Bi heat transfer coefficient, Iltu/(hr)(ft) 2 (°F)
Na temperature (bulk), °F
Na velocity (inside tubes), ft/sec
Na heat transfer coefficient, Btu/(hr)(ft) 2 (°F)
Over-all heat transfer coefficient, Btu/(hr)(ft) 2 (°F)
Fraction of resistance offered by tube wall
Heat flux (outside tube surface), Btu/(hr)(ft) 2
Power density, Btu/(hr)(ft) 3
Bi, ft 3 /mw heat
Na inventory, ft 3 /mw heat

Low Cr-Steel
15.8
0.70
0.100
0.250
850
15.0
3,390
750
25.5
12,300
1,015
0.60
101,500
510,000
0.56
0.45

Electromagnetic pumps. In the early days of the LMFR project, a magnetic pump for Bi was described by B. Feld and L. Szilard [20,21]. ',['he
Fuel Processing Group of Brookhaven National Laboratory required pilotplant pumps that would circulate uranium-bismuth fuel with absolutely
no leakage. The U-Bi fuel was eventually to be circulated through an
experimental hole in the Brookhaven reactor where fission products and
polonium would be generated. Since a small flow rate of approximately
1 gpm was desired and efficiency was of little concern, it was decided to
use an electromagnetic pump.
An experimental loop [22] was set up to circulate nonradioactive U-Bi
by means of a General Electric Model G-3 AC (Faraday) electromagnetic
pump. This loop ran continuously for 2400 hr. During the first 160 hr the
rig was operated isothermally at a temperature of 645°F; during the
remainder of the time, the loop was run isothermally at 840°F. The U-Bi
solution was circulated for most of this period at a rate of 1 gpm. There
was no sign of plugging or flow restriction.
The General Electric G-3 AC pump was calibrated (Figs. 23-3 and 23-4)
in another AISI type-347 stainless steel liquid bismuth loop at 930°F
[22]. It was operated continuously for over 13,000 hr.
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Frn. 23-3. AC electromagnetic pump efficiency. Molten bismuth in AISI type-347
stainless steel cell. (Manufactured by General Electric Co.)
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Frn. 23-4. AC electromagnetic pump characteristics. Molten bismuth in AISI
type-347 stainless steel cell. (Manufactured by General Electric Co.)

The same pump was used to circulate bismuth at 930°F in a 2i3 Cr-13
Mo steel loop .. The efficiency and characteristic curves were somewhat
lower than those obtained in a stainless steel loop. This is probably due
to short-circuiting of magnetic flux in the ferritic steel walls.
A theoretical study [23] was prepared by the Atomic Energy Research
Establishment at Harwell, England, for linear-induction pumping of
bismuth. The report indicates the feasibility of using this type of pump.
Linear-induction pumps have been built and successfully used at Ames
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Laboratory to circulate Mg-Th eutectic (37 w/o Th) and Bi-U alloy
(5 w / o U) in an Inconel-enclosed tantalum loop [24,25].
The pump
operated successfully in the Mg-Th system for 2000 hr at 1470°F with a
temperature differential of 250°F, and in Bi-U for 5250 hours at 17 40°F
with a temperature differential of 210°F. For calibration, about 1 gpm
of Bi-U was pumped at 750°F against a head of 0.5 in., with an efficiency
of 0.163.
Mechanical pumps. Most pump development work has been aimed at
pumping sodium or sodium-potassium alloys. The most serious problem
relative to the design of a mechanical liquid-metal pump appears to be
that of suitable bearings and seals.
Bismuth was pumped by NEPA in 1950 [26]. The system was operated
for 37 hr, the maximum flow rate measured was 2 gpm, the maximum head
developed was 66 psi, and the maximum bismuth temperature reached was
1765°F. The pump was a modified Browne and Sharpe No. 206, machinetool-coolant pump.
In another experiment [27] NEPA circulated bismuth with a 50-gpm
centrifugal pump for 100 hr at a mean temperature of 1500°F with a
temperature differential of 500°F. An accumulation in the sump of a
residue high in oxide content and dissolved elements reduced the flow and
forced suspension of operation. This residue probably resulted from an
impure inert atmosphere above the liquid metal. The container material
selected was AISI type-347 stainless steel which had shown some promise
in bismuth solubility tests at temperatures up to 1800°F.
The California Research and Development Corporation made a survey
of the various types of pumps that might be used for liquid bismuth and
came to the conclusion that a centrifugal pump would best fit the need.
A test unit was built that operated for 1037 hr, and a report [28] stated
that the centrifugal pump proved to be a very satisfactory means for circulating bismuth in an isothermal system at 700 to 750°F. This pump and
its driver are on a common shaft, the shaft being top-suspended with all
bearings in the motor chamber. Space was provided for a labyrinth to
separate the pump chamber from the motor chamber, although no seal was
used during operation. This pump has also been used to circulate mercury
in a test loop at BNL. It has been run successfully for an accumulated time
of over 4000 hr.
Brookhaven has developed a totally canned overhung-impeller centrifugal pump. Figure 23-5 shows the major design features of this pump.
These units pump 5 to 25 gpm Bi against heads up to 30 ft while operating
at 525°C. These sump-type pumps run with no bearings in the liquid metal
and have proved reliable so long as sufficient internal baffling is included
to stop surface splashing.
There are several centrifugal pumps that have been used to circulate

23-3]

847

COMPONENT DESIGN

Induction Motor
Gas & Voe.
Liquid
Level
Probes

Cooling
Water

Shaft Cooling
Chamber

Overhung
~1---- Impeller Shaft

Liquid Level
Side Arm

Fm. 23-5. Canned-motor centrifugal pump developed at Brookhaven.
lead-bismuth eutectic [29,30]. They are all vertically mounted sump
pumps with overhung shafts and impellers. All would require a can around
the motor and shaft for a hermetic seal.
The University of California has used a double-volute pump which is
rated at 30 gpm and a 40-ft head at 1000°F.* The lower bearing is 2 ft
above the liquid metal. The pump utilizes a packing gland (Johns-Manville
Super Seal No. 6) adjusted to allow helium at 2 psi.g to leak out of the
system at a rate of about 10 ft 3 /hr.
The pump used at North American Aviation, Inc. [30] is made of cast
steel. The lower bearing is cooled with a water jacket and a graphite seal
*The vendor is Berkeley Pump Co., Berkeley, Cal. The 7~in.-diameter impeller
and the pump casing are made of AISI type-410 steel. The pump is V-belt driven
by a 30-hp motor.
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minimizes gas leakage from the casing. A flow of 0.82 gpm at 400-rpm
shaft speed and a temperature of 700°F was maintained until oxide dross
forced shutdown of the pump after 496 hr.
A completely canned, modified Series T-34 MD Duval stainless steel
pump was used at the University of California to circulate mercury [31].
The packing gland was replaced with a bushing and any metal leakage
was drained to a reservoir. The pump was driven by a 5-hp, 3-phase induction motor at a shaft speed of 1200 rpm.
North American Aviation, Inc. has circulated tin with a graphite pump
at 2 gpm against a head of 22.5 psi at 1830°F [32]. The pump has a 4-in.diameter impeller and is driven by a variable speed (20 to 2000 rpm) nc
compound-wound motor mounted outside the gastight enclosure to av0id
the high temperatures. A rotating Graphitar bushing on hardened steel
provides the gas seal. The spindle bearings are in a cooled housing. The
pump was operated for 500 hr in one run; this was followed by additional
runs. To overcome differential thermal expansion, a molybdenum adapter
joins the graphite shaft to the stainless steel spindle.
A miniature canned centrifugal pump to circulate bismuth, ideally
suited for in-pile work, has been developed by the Atomic Energy Research
Establishment at Harwell, England. The over-all pump dimensions are
3,i-in.-diameter by 2-ij- in. long, with a 2-in.-diameter impeller. The bismuth flow is 1.5 gpm with a head of 9 ft. The motor rating is 0.75 hp and
2800 rpm. Two gas-lubricated bearings are utilized. The material of construction is 2;!- Cr-1 Mo steel.
The Allis-Chalmers Manufacturing Co. has built a canned rotor centrifugal pump with fluid piston-type bearings to pump bismuth at 1050°F.
The pump is rated at 10 gpm and a head of 25 ft, with an efficiency of 103.
Those parts of the pump in contact with the bismuth are made from AISI
type-410 steel. The pump was used in loop G at BN"L to pump bismuth
at 1020°F with a temperature differential of 300°F. After 15.5 hr the pump
failed, due to scoring of the bearings and seizure of the can by the rotor.
23-3.2 Valves. The standard-stem packed gate valves used in early
NEPA bismuth tests [26] proved that special valves would be required
for successful liquid-bismuth operation. High leakage rates through the
packing caused maintenance difficulties throughout the tests.
A 1!-in. Fulton-Sylphon bellows-type stainless steel valve was cycled
1000 times at the rate of 77 times/min against bismuth at a temperature
of 1000°F and a pressure of 25 psig. No failure of the bellows or other
valve parts occurred. NEPA also checked valves for metal-to-metal
self-welding effects [33]. Tests of valve operation reached 1500°F with
liquid bismuth on Standard Stellite-faced poppets and seats without indication of self-welding effects.
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The two types of valves which have seen extensive service up to 1050°F
in liquid-metal fuel systems are standard Y pattern globe valves and
needle valves. Due to the stringent requirements of zero gas leakage
(into or out of the metal systems), the only acceptable stem seal has been
a steel bellows. Packings are unacceptable.
Brookhaven National Laboratory has used both types of valves extensively [22,34]. The 1/2-in. IPS 150-lb Y pattern globe valves constructed
from AISI type-347 stainless steel for all parts in contact with bismuth
(including bellows, stem, and disk) have been used continuously for over
8000 hr at 930°F without mishap. Similar valves with mild carbon steel
disks (instead of type-347 stainless steel) have been used at 930°F for over
13,000 hr without failure or extensive corrosion.
A high-velocity loop operating with bismuth at 1020°F at BNL uses
1-in. IPS 150-lb Y pattern globe valves made from 2f3 Cr-13 Mo steel,
AISI type-430 steel bellows and disk, and AISI type-416 steel stem.
Needle valves (1/8-in. IPS AISI type-347 stainless steel construction,
including the bellows) have been in use for intermittent service (i.e., drain
valves).
As an additional safety measure, 1/2-in. IPS globe valves used in an
in-pile loop at Brookhaven National Laboratory have utilized two sets of
bellows [34]. The space between the two bellows was pressurized with inert
gas which was continually monitored to detect pressure changes (thus
indicating a valve leak). None was detected.
The valve drives have been modified to facilitate remote operation.
The globe valve handwheels are replaced by gears and these are, in turn,
connected to extension rods projecting through the enclosures. Extension
rods are welded directly to the needle valve bellows. Universal joints and
right-angle gear drives are used for changes in direction between valve and
operator. When relatively gastight enclosures are desired, as in in-pile
loops, the extension rods project through rubber~gasketed compression
seals.
Oak Ridge National Laboratory has reported on the use of special hightemperature packing [35] for valve stems. This packing consists of successive layers of Inconel braid, graphite, nickel powder, and another layer
of Inconel braid.
It has been shown at practically all AEC installations that two sections
of a circulation system can be isolated from each other by freezing a short
section of connecting pipe. This plug can be remelted and flow resumed
after a short wait. This type of seal is undesirable for uranium-bismuth
solutions, however, since the uranium will deposit at the cold surface.
23-3.3 Piping. Layout features. The most important considerations in
designing piping for a liquid-metal fuel system are the considerable thermal
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expansion of the pipe when heated from room temperature to operating
temperature, and the expansion of bismuth upon freezing (3%). The former
condition prescribes the type of supports required, while the latter determines the methods and techniques for freezing the metal.
In general, it is desirable to hang pipe from overhead supports, preferably spring-loaded hangers with straps around the pipe insulation. Heavy
vessels may be anchored to hangers by brackets welded to the wall. Care
should be taken to see that these brackets do not act as a large heat sink.
If the system is supported from below, heavy vessels should "float" by
locating il1em on freely moving bearing raceways.
Freezing the liquid metal in the system, especially in components with
bellows, should be avoided. However, in case of emergency, the metal
should be frozen towards the free surface. For this reason, a system should
always contain a surge (or expansion) tank, located at the highest elevation.
The use of an integral fill tank, located at the lowest point in the system
to permit charging the loop with metal through a pipe "dip leg" completely immersed in the metal, is recommended. The application of gas
pressure on the fill tank will transfer the metal slowly into the loop. By
charging the metal from the bottom, into a previously evacuated system,
gas entrainment will be minimized. A sintered metallic filter should be
used to remove oxide and other scum from the metal while filling the loop.
This filter should always be located outside the fill tank, since this will facilitate removal of the filter when it becomes clogged and will prevent cracking of the pores if the contents of the fill tank freeze.
The loop may be drained into a vessel which can be either the fill tank
or a separate drain tank. Piping lines should be sloped to facilitate drainage; undrainable pockets should be provided with separate drain lines or,
if possible, eliminated. A typical liquid-bismuth loop layout is shown in
Fig. 23-6.
Bellows. Several types of metal bellows have been used at Brookhaven
National Laboratory in bismuth systems at 930°F. AISI type-347 stainless
steel welded bellows have been used continuously in 1/2-in. IPS globe valves
for periods as long as 13,000 hr. The bellows have not, however, been extensively cycled in bismuth. Their dimensions are 2t in. OD by 1-in. ID
by 0.018-in. thick and contain 32 convolutions. Two AISI type-410 steel
welded bellows have been bench cycled 32,000 and 120,000 times, respectively, in bismuth at 1020°F and should, therefore, be satisfactory. They are
used in pressure transmitters, and are li in. OD by 3/8-in. ID by 0.009-in.
thick and contain 22 convolutions. At this time, one AISI type-430 steel hydraulically formed bellows, used in 1/2-in. IPS globe valves, has been
bench-cycled with helium over 200,000 times at 1020°F without failure. Its
dimensions are lf-in. OD by 7/8-in. ID by 0.008-in. thick (two-ply).
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Bellows tests at Argonne National Laboratory [36] have yielded the
following data:
(I) Failures have generally occurred at a weld; therefore bellows with
the least number of welds are favored. However, mechanically formed
bellows should be examined for cracks and other flaws that may be introduced in the forming.
(2) There was no evidence that corrosion played a part in the failure of
any bellows.
(3) One predominant factor determining bellows life is the relative
amount of travel.
(4) Other factors affecting bellows life are temperature and the relative
distribution between compression and extension. It was found that the
outer bellows failed before the inner bellows which operated at a higher
temperature.
(5) Some bellows designs had not failed up to 106 cycles, at which point
the test was stopped.
Joints. Metal systems. In general, in these metal systems, all joints
should be welded for tightness and structural soundness. All weld joints
are made by standard inert-arc procedures. Complete procedure specifications have been prepared by BNL for inert-arc welding of AISI type-347
stainless steel pipe, fittings, and vessels for use with liquid metals. This
procedure was developed through the cooperation of the Metallurgy
Division of Oak Ridge National Laboratory. Specifications have, likewise,
been prepared at BNL for welding 2!3 Cr-13 Mo steel. AISI type-502
steel welding rods are used in welding 2!3 Cr-1 3 Mo steel pipe. A procedure for welding 0.030-in.-thick tantalum tubing, as well as AISI type-316
stainless steel to tantalum, has been prepared at Ames Laboratory [24,25].
Experimental and operating procedures, however, often make it advantageous to have removable joints. These have been successfully used
at a number of installations. An oval cross-sectional ring for a flanged
joint was used by NEPA [37] in a bismuth system between 520 and 660°F
at 300 psig, and by the California Research and Development Corporation
[28] on l!-in. piping containing bismuth at 700 to 750°F.
Standard metallic ring-joint flanged connections have also been satisfactorily used at the University of California and Brookhaven National
Laboratory [22,29]. The rings were of soft iron (in lead-bismuth systems)
and AISI type-347 stainless steel (in bismuth systems). At a temperature
of 930°F, the AISI type-347 stainless steel joint has been found to be
helium leaktight to a mass spectrometer.
The ability of liquid metals and liquid salts to leak through extremely
small openings has made the use of helium mass-spectrometer leak testers
a specified test step. Halogen leak testers should never be used because of
the absorbed halogen which remains in the surfaces after the tests.
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Graphite system. Several graphite loops have been operated with bismuth at a maximum temperature of 2550°F [38] and with tin at temperatures up to 2730°F [32]. Spherical joints held together with steel flanges
and bolts, or tapered joints threaded for assembly under tension, have been
the best. In addition, the joints may be fused to reduce leakage by coating
furfural on one face and hydrochloric acid on the other. However, even
with all these precautions, the systems were not absolutely tight to bismuth or tin.
Sight ports. Sight ports have been used to facilitate viewing the liquid
metal inside a closed system at the University of California [29] and at
Brookhaven National Laboratory. A satisfactory port consists of a glass
plate at the end of a steel bellows welded to the pipe. A normally closed
butterfly valve isolates the glass from lead or bismuth vapors. The valve
is moved by an externally mounted magnet or a handle projecting through
a Teflon-packed gland.
23-3.4 Heating equipment. Flexible Nichrome heater wire consisting of
a Nichrome inner wire, asbestos and glass insulation, and a flexible stainless
steel protective braid, is extremely useful for maintaining systems at temperatures up to 1100°F for periods of time in excess of 10,000 hr [22].
Figure 23-6 shows the application of this type of heater in loop work.
Strip and tubular heaters have been in in-pile service for over 8000 hr [34].
A resistance heater has also been used as an internal heater submerged in a
lead-bismuth eutectic system [29].
Induction heating has been used on bismuth with good results [27].
A heating transformer in which the metal stream is the secondary circuit
has been used at Ames Laboratory in magnesium-thorium and uraniumbismuth systems at temperatures up to 1740°F for periods of up to
5000 hr [24].
The use of graphite as a resistance heater in graphite loops has been successful at temperatures up to 2700°F for short times (about 500 hr) [32,38].
23-3.5 Insulation. Samples of 26 insulating materials were tested for
possible reaction with molten bismuth [51]. In general, results indicated
that little or no reaction occurred when molten bismuth at 1832°F came
into contact with the unheated materials, but that none of the materials
would withstand contact with the bismuth for more than a few hours when
both were at 1832°F.
At BNL, Johns-Manville Co. Superex preformed pipe insulation and
Carboruudum Co. Fiberfrax bulk insulation have been used extensively.
23-3.6 System preparation. Cleaning of equipment. Owing to the corrosive nature of most bismuth compounds and the necessity for maintain-
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ing definite concentrations of additives in the fuel systems, the type of
container employed and the condition of the container-liquid interface is
of great importance. The presence of oxygen and other impurities in
soluble or insoluble form can accelerate the attack upon the container
material. As a result, it is desirable to remove all foreign material from
liquid-metal fuel systems before charging. Cleaning techniques for the
more important liquid-metal container materials are summarized as
follows.
Stainless steels. The committee of stainless steel producers of the American Iron and Steel Institute [40] recommend several techniques, depending
upon the type of impurity to be removed. In addition to these methods,
BNL has found electropolishing to be useful in removing surface oxides
[34]. In all cases, after the use of cleaning solutions the material is rinsed
thoroughly with water and dried by allowing a final alcohol or acetone
rinse to evaporate.
Low-chrome steels. Several methods have been used for cleaning metals
of this type. One method is described [30] for PbBi systems in which
boiling detergent solution is used to remove dirt and scale, followed by a
distilled water rinse and drying under conditions of heat and vacuum.
The same reference describes the following cleaning procedure:
0

(I)
(2)
(3)
(4)
(5)

Inhibitor: 103 HCl for 12 hr.
Neutralization of HCl with Na2COa.
Water rinse.
103 phosphoric acid wash.
Drying with heat and vacuum.

The following technique has been developed at BNL for use with large
vessels:
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

Degrease with trichlorethylene.
33 HNOa-173 HCl solution for 30 min at room temperature.
Flush with water.
Repeat steps (2) and (3).
Add 203 HCl solution for 5 min at room temperature.
Rinse with water.
Rinse with alcohol.
Dry with inert gas blast.

Leak testing. Liquid-metal fuel systems which involve solutions containing uranium and oxygen-sensitive additives (such as the magnesium
used in LMFR systems) require that precautions be taken to prevent air
leakage into equipment. In general, a sequence of leak detection is followed
in which gross leakage and structural faults are first eliminated by pressure
testing. Suspected leaks can be verified by application of soap solution.
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The helium mass-spectrometer leak detector has been found to be the most
useful as a final test. Systems found leaktight to helium are acceptable for
use in uranium-bismuth systems.
Preheating. A procedure for preheating equipment has been used at
BNL and elsewhere [34,41] in which the equipment is first evacuated to
less than 100 microns pressure and then heated, at a rate slow enough to
prevent pressure surges above 100 microns, to operating temperature.
This procedure has the advantage of removing condensables from the container walls before they can react with the wall at elevated temperatures.
With the equipment at or above operating temperature, purified hydrogen may be introduced to reduce any surface oxide that might be present.
This step is frequently done with the liquid metal present in the charging
vessel in order to reduce oxides present in the charge.
Charging procedures. The procedures described here are specific for the
preparation of LMFR fuel solutions, but they are at the same time somewhat typical of the handling techniques necessary for other liquid-metal
fuel systems that have been suggested. Basically, the procedures result from
the need for maintaining system cleanliness, stability of additives, minimum
oxygen contamination, and uniformity of solutions.
Bismuth preparation. Bismuth ingots are cut to a size suitable for loading
and surface oxide deposits are mechanically removed. The metal is then
charged to a melt tank and heated to the charging temperature under
vacuum. Zirconium and magnesium, in the appropriate amounts, are
suspended in the melt to establish the proper concentrations of additives.
Samples are taken to verify this. When the concentrations of the additives
are stable, the bismuth is considered satisfactory for charging to the test
equipment.
Equipment charging. The bismuth from the charging vessel is forced, by
inert-gas pressure, through a porous metal filter to remove oxides, and into
a sump tank in the test equipment. From this tank the metal can be raised
by gas pressure into the operating sections of the equipment.
Addition to flowing bismuth. The addition of uranium, magnesium, and
zirconium to flowing streams is accomplished by inserting a steel basket
containing the additive into the bismuth stream through a sampling port.
Initial uranium additions to a system are not made until sampling has
shown that the concentrations of magnesium and zirconium are stable.

23-3.7 Operation and handling. Blanket gas. The blanketing of bismuth
with inert gases is necessary to provide protection against oxidation. In
many cases it has been found necessary to purify commercial grades of gas
to meet system requirements. A survey of active metals for use in the purification of rare gases has been made at Ames [ 42].
Several methods are in use for the determinatio~ of oxygen in gases in the
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ppm range of concentration. KAPL [43] and Oak Ridge [44] have developed
techniques for this analysis and commercial units have also been developed
for use in this range. At BNL, the purity of gas is checked by passing it
over a polished uranium chip at 550 to 600°C. If the chip is not tarnished,
the gas is considered suitable for use.
Conditioning operation. In addition to the system preparation steps described in previous sections, it has been found desirable to provide a period
of system operation in which a corrosion-inhibiting layer of zirconium nitride can be formed on the container walls. In general, this is done by
charging the system with bismuth to which zirconium and magnesium
have already been added and then operating the system isothermally until
analyses have shown the additive concentrations to be stable.
Sampling. Thief-type samplers have been used almost exclusively for
liquid-metal fuel systems. Sampling in this manner is accomplished by
inserting a sample tube into the metal through an airlock mounted above
the ves,gel. The airlock is separated from the vessel chamber by a fullopening ball valve. By bubbling helium through a hole near the bottom of
the sample tube, it is possible to control the depth at which the sample is
taken. At the time of sampling the pressure inside and outside the tube is
eaualized and the liquid enters the tube, which is then withdrawn [22].
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This method is shown in Fig. 23-7. A variation of this technique has been
adapted for taking filtered samples; an inverted sample cup, which has
been closed at one end by a filter, is lowered into the metal stream and filled
by increasing the system pressure. Another variation involves the use of a
sliding valve on the sample tube. This valve is opened and closed by a
rotary bellows-sealed drive that controls the time at which the sample is
taken. Radioactive samples have been taken using thief-sampler techniques. The activity levels encountered were not high enough to require
remote manipulation, but drybox techniques were necessary to protect
against alpha contamination.
Corrosion study samples are used extensively in developmental systems
and consist of carefully prepared and examined metal or graphite pieces
which are included in the system piping during fabrication and rem0ved
after each experimental run. Samples have also been inserted into flowing
streams through thief-sampler airlocks to study corrosion effects and interactions between the sample and fuel stream components.
A line-type sampler, in which the liquid-metal stream is drawn through
a sample line to a sample container, is shown in Fig. 23-8. In this device,
small cups may be filled in succession and then withdrawn through the
airlock. The sampler is manipulated externally by the pinion gear.
High-temperature radiography. Techniques for radiographing operating
bismuth systems at elevated temperatures have been developed to study
plug formation, gross corrosion effects, and operating characteristics such
as liquid levels and gas entrainment. Gamma-ray sources are used in this
work [45].
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Repair techniques. In making repairs on systems which have contained
liquid-metal fuels it is essential to observe certain precautions:
(1) Whenever possible, the system should be thermally cold.
(2) Blanket gas should always be maintained on the inside of the system.
When the system is opened, a flow of gas from the system should be
maintained.
(3) In making welds, any surface deposit of bismuth must be removed
before a successful weld can be assured. Removal of a part of the inner
pipe wall by reaming has been found necessary. Cooling coils placed on
the pipe at the end of the reamed section will keep bismuth from melting
and flowing into the weld.
(4) In cases where bismuth fuels have undergone neutron irradiation,
proper protection against polonium contamination must be provided. It
has been found that polonium and nonvolatile fission products contained
in solid bismuth can be handled without little difficulty, since they are
largely immobilized by the bismuth. Repairs of contaminated equipment,
including welding operations, have been made without hazard [34].

23-3.8 Instrumentation. Liquid level measurement. Determination of
liquid levels in a closed metallic system, such as that generally encountered in liquid-metal work, can be approached either as a singlelevel problem or as a continuously indicating level problem. The requirements for the former are:
(1) A metallic probe, preferably of the same material as the metallic
container.
(2) High-temperature insulation between the probe and the vessel in
which the liquid level is to be determined.
(3) A gastight seal between insulation and both adjacent metallic parts.
(4) An appropriate external circuit to note the attainment of the particular level.

Experience at Brookhaven National Laboratory [22] has shown that the
most successful method for providing both good insulation and a satisfactory
high-temperature seal in a single-level probe is by the use of automotive
spark plugs. It is suggested that the seal be removed from direct contact
with the heat source by means of an appropriate pipe extension. A probe
can be welded to the spark plug after removal of the bent side electrode.
The probes may be made from AISI types-347 and 502 steel for bismuth
systems or of tungsten in a tin system [32]. The external circuit consists
of a transformer, relay, and indicating lights. By the use of two probes and
interlocked relays, it is possible to indicate a level beneath the lower probe,
between probes, or above the upper probe.
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There are two general types of continuous level indicators: a manually
adjustable resistance probe, and a variable inductance probe.
The movable probe, consisting of the proper metal rod or tube, is adjusted
through a suitable compression fitting. Modified Parker fittings [29] and
Wilson fittings with Teflon packing glands are recommended. The liquid
level is determined by comparing the probe height with a previously calibrated scale.
The, variable inductance probe consists of a doubly wound coil in a ceramic form [22]. The coil is inserted into a pipe well inside the ·tank and,
as the liquid-metal level rises, the inductance of the coil changes. The
change of inductance is detected in a bridge circuit, with the degree of
unbalance being a measure of the level. This method has the advantage,
especially important in handling radioactive fluids, that the system is
hermetically sealed at all times.
If it is not possible to utilize the fluid itself for level indication, the liquid
level may be obtained in a roundabout manner by means of a stainless-steel
float. A stainless-steel tube long enough to protrude from the tank is
attached to the float. A short length of cold-rolled steel rod is contained
in the uppermost section, which is completely enclosed so that no liquid can
come in contact with it. The liquid level is obtained by locating the position
of the cold-rolled steel rod with a search coil wound about a tube concentric
with the one protruding from the tank.
Pressure measurement. Several methods are available for measuring
the pressure exerted by liquid-metal fuels. These include seal pots, gas- or
spring-balanced nullmatic transmitters, and bourdon-type gauges.
The seal pot measuring devices are simple to construct and have been
used most extensively [22,29,30] in this work. The pressure is transmitted
from the metal to a trapped inert gas that is monitoned by a conventional
gas-pressure gauge. This inert gas maintains a constant metal level in the
seal pots, as determined by means of a float [29] or spark plug probes
[22,30]. The float (with an extension rod) or the High-Low spark plug
probes actuate solenoid valves connected to gas supply and vent lines.
The probe separation is 1/4-in., thereby regulating the liquid level to ±1/8
in. Since there is no barrier between metal and gas, metal may splash into
the gas space and freeze the gas lines. This may be partly alleviated by
providing long vertical gas lines, a means of heating these lines, and
baffies.
A variation consists of measuring the relative height of a column of
bismuth, backed up by gas pressure in a steel pipe [25]. The level is determined by radiography with an lr 192 source. This method finds special
application in measuring differential pressure heads (i.e., orifice).
The gas-balanced [46,47] or spring-balanced [48] nullmatic pressure
transmitters provide a metal bellows or diaphragm seal between the liquid
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metal and a gas or mechanical pressure balance; this balancing pressure is
then measured. Figure 23-9 illustrates the basic design of three types of
these transmitters.
The nullmatic pilot-operated pressure transmitter can be made to be
very sensitive, with rapid response. A thin metallic bellows seals the unit
and is the sensing element. The full-range bellows movement is only a few
thousands of an inch. The backing gas is nitrogen and the sensing system
is adjusted to maintain a maximum differential" of 10 psig across the bellows.
One of the difficulties with this type of element is the incomplete drainage
of Bi from the convolutions of the bellows. This trapped Bi may rupture
the bellows when it freezes. Another disadvantage is its large consumption
of instrument gas.
Another type of pressure transmitter utilizes a bellows-sealed differential transformer. The sensing element of this transmitter is similar to that
of the previous unit and consists of a metallic bellows. The very slight
movement of the bellows during a pressure change is transmitted to a
differential transformer by a rod with a secondary bellows seal. A matching
transformer installed in a bridge circuit allows a calibrated instrument to
indicate or record the actual pressure in the system.
The diaphragm-sealed, NaK-filled bourdon-tube type of pressure transmitter has been used with two different styles of diaphragms. A thin,
0.010- to 0.015-in.-thick metallic diaphragm is used to separate the Bi system
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from a NaK capillary system that extends from the diaphragm chamber
to a bourdon tube in a conventional pressure transmitter. Capillary lengths
up to 20 ft allow the transmitter to be placed remotely with respect to the
system. The other diaphragm style consists of two thin sheets of metal
welded together to form an envelope. The inside of the envelope contains
NaK and is connected to a bourdon element by a length of capillary tubing.
The envelope diaphragm is suspended in the Bi in an all-welded container.
This type of transmitter has proved to be reliable in the pressure range
between 10 and 175 psig.
Flow measurement. Orifice. Flow of liquid-metal fuels, much like flows
of water or other liquids, is most commonly measured with standard
orifices [22,25,30]. Work done at the Engineering Research Center,
University of California [39,50] has demonstrated that an orifice may be
calibrated with water, and the calibration may then be used directly for
heavy metal (Bi or Pb-Bi) flow metering. The error introduced in this
manner is only between 3 and 53.
Orifice assemblies have generally been installed in the piping systems
with ring-joint and flange connections; one-piece orifice plate and metallic
0-rings are used. Either flange or vena contracta taps are used and the
pressure is measured as indicated in the previous section. Mild steel orifice
plates with sharp-edged holes are satisfactory for use in lead-bismuth
systems [29,30]. After 500 hr at 350°F, and a throat velocity of 1.5 fps,
there was no detectable erosion in one such orifice.
A rounded-edge orifice (with flange taps) made from AISI type-347
stainless steel gave very satisfactory service at Brookhaven National
Laboratory in a 1/2-in. IPS bismuth loop for 13,500 hr at 930°F [22]. The
flow was 5.5 fps through the throat. Upon examination, the hole diameter
had increased by 33 (from 0.2662 in.) during loop operation.
A submerged orifice made from 2!3 Cr-1 Mo steel has been successfully
used at Brookhaven National Laboratory in over 4000 hr of operation with
bismuth at 1020°F. Its special appeal lies in the fact that liquid levels
(heads) instead of pressures are measured. Ordinary liquid level probes are
used.
Electromagnetic fiowmeter. An electromagnetic flowmeter has been designed and analyzed theoretically by General Electric Company and by
Babcock & Wilcox. A permanent magnet is mounted around the pipe
through which molten metal is flowing, with the faces of the magnet creating
a field perpendicular to the pipe. Two leads are welded to the pipe wall,
mutually perpendicular to both the pipe and magnetic flux. The emf generated by the molten metal when cutting the lines of flux is picked up by
these leads and can be transmitted to any potential-sensitive instrument.
The theoretical analysis of this type of flowmeter agrees within 63 with
experimental results.
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The electromagnetic flowmeter has been successfully used to meter
bismuth flows in AISI type-347 stainless steel at Brookhaven National
Laboratory [22]. The measured flow agreed within 103 with the theoretically determined value.
Preliminary results have shown that these flowmeters may also be used
in a 2!3 Cr-13 Mo steel system. However, corrections must be made for
the short-circuiting of magnetic flux in the ferritic steel pipe walls. One WfiY
of minimizing this correction might be to use a bimetallic cell, that is, a
thin (0.010 in.) liner of 2!3 Cr-13 Mo steel surrounded by an AISI
type-347 stainless-steel pipe to provide structural strength.
Temperature measurement. The temperature of liquid llletal fuels is
usually measured with thermocouples of duplex Chromel-Alumel, No. 20
BWG gauge. Each wire is individually insulated with fiberglass and
asbestos and each pair is covered again with insulation.
The best and most accurate service in low-chrome or stainless-steel
systems is obtained by welding the thermocouple junction directly to the
outside of the pipe wall. The difference between the temperature on the
pipe wall and the bulk bismuth at 930°F is no greater than 10°F. If required, thermocouples located in wells have also been used in bismuth
systems.
In graphite systems the thermocouples are inserted in drilled holes, and
then cemented in place with alumina cement [32].
Temperature control for isothermal loops is obtained as follows [22].
The various parts of the loop are heated by means of individual heater
circuits. Since the current demand varies, depending on the position of the
heater in the loop, the current to the heaters is adjusted by means of individual autotransformers on each circuit. The entire heater group is
supplied from a single line whose voltage varies according to the signal
supplied to a controller by a single, centrally located thermocouple. The
voltage is varied by means of a transformer whose primary is in the feed
line. While the loop temperature remains within the neutral band around
the set point of the controller, the secondary coil circuit is closed. If the
temperature drops below the neutral band, the relay opens the secondary
coil circuit, thus decreasing the inductance of the primary, and increases
the voltage to the heaters. If the temperature rises above the neutral band,
the controller relay opens the main circuit breaker and cuts off current
to the heaters.
By proper adjustment of the individual Variacs it is possible to maintain
the temperatures around the loop within 20° of the desired value and to
operate so that the main circuit breakers are rarely opened.

863

REFERENCES

1. R. J. TEITEL, An Internally Cooled Liquid Metal Fuel Reactor Design, in
Proceedings of the First Nuclear Engineering and Science Congress, Vol. 1, Problems
in Nuclear Engineering. New York: Pergamon Press, 1957. (pp. 292-301)
2. T. V. SHEEHAN and L. D. STOUGHTON, The Liquid Metal Fuel Reactor
Closed-Cycle Gas Turbine Power Plant, Mech. Eng. 78, 699-702 (1956) .
. 3. C. WILLIAMS and F. T. MILES, Liquid-Metal-Fuel Reactor Systems for
Power, in Chemical Engineering Progress Symposium Series, Vol. 50, No. 11.
New York: American Institute of Chemical Engineers, 1954. (p. 245)
4. FRANK W. DAVIS, Feasibility Study of Pressure Vessels for Nuclear Power
Generating Reactors, USAEC Report AECU-3062, Division of Reactor Development, AEC, December 1955. (pp. 5-6)
5. C. WILLIAMS and F. T. MILES, Liquid-Metal-Fuel Reactor Systems for
Power, in Chemical Engineering Progress Symposium Series, Vol. 50, No. 11.
New York: American Institute of Chemical Engineers, 1954. (pp. 245-252)
6. R. N. LYON et al., Liquid Metals Handbook, U.S. Atomic Energy Commission and U. S. Navy. 2nd ed. Washington, D. C.: U. S. Government Printing
Office, 1952.
7. D. J. HUGHES and J. A. HARVEY, Neutron Cross Sections, USAEC Report
BNL-325, Brookhaven National Laboratory, May 1955.
8. C. M. DAVISSON and R. D. EvANs, Gamma-Ray Absorption Coefficients,
Rev. Modern Phys. 24(2), 79-107 (1952).
9. 0. E. DWYER et al., Liquid Bismuth As a Fuel Solvent and Heat Transport
Medium for Nuclear Reactors, USAEC Report BNL-2432, Brookhaven National
Laboratory, 1955.
10. L. M. TREFETHAN, Heat Transfer Properties of Liquid Metals, Cambridge
University, England, Christ's College, July 1, 1950.
11. S. E. IsAKOFF and T. B. DREW, Heat and Momentum Transfer in Turbulent Flow of Mercury, in Proceedings of the General Discussion on Heat Transfer, Institution of Mechanical Engineers (London) and American Society of
Mechanical Engineers, 1951. (pp. 405--409)
12. W. K. STROMQUIST, Effect of Wetting on Heat Transfer Characteristics of
Liquid Metals (thesis), USAEC Report OR0-93, University of Tennessee,
March 1953.
13. H. A. JOHNSON et al., Heat Transfer to Mercury in Turbulent Pipe Flow,
USAEC Report AECU-2627, University of California, Berkeley, Institute of
Engineering Research, July 1953.
14. H. A. JOHNSON et al., Heat Transfer to Molten Lead-Bismuth Eutec.tic in
Turbulent Pipe Flow, Trans. Am. Soc. Mech. Engrs. 75(6), 1191-1198 (1953).
15. B. LuBARSKY and S. J. KAUFMAN, Review of Experimental Investigations
of Liquid-Metal Heat Transfer, Report NACA-TN-336, Lewis Flight Propulsion
Laboratory, March 1955.
16. R. N. LYON, Liquid-Metal Heat Transfer Coefficients, Chem. Eng. Progr.
47(2), 75-79 (1951).

864

ENGINEERING DESIGN

[CHAP. ~3

17. R. C. MARTINELLI, Heat Transfer to Molten Metals, Trans. Am. Soc.
Mech. Engrs. 69(8), 947-959 (1947).
18. 0. E. DWYER, Heat Exchanger in LMF Power Reactor Systems, Nucle·
onics 12(7), 30-39 (1954).
19. R. L. MORGAN, Technical Information Service, AEC, 1952. Unpublished.
20. B. FELD and L. SzILARD, A Magnetic Pump for Liquid Bismuth, USAEC
Report CE-279, Argonne National Laboratory, 1942.
21. B. FELD, More Calculations in the Bismuth Pump, USAEC Report CP-326,
Argonne National Laboratory, Oct. 17, 1942.
22. C. J. RASEMAN and J. WEISMAN, Liquid Metal Fuel Reactor (LMF R)
Processing Loops. Part I. Design, Construction, and Corrosion Data, USAEC
Report BNL-322, Brookhaven National Laboratory, June 1954.
23. D. A. WATT, A Study in Design of Traveling Field Electromagnetic Pumps
for Liquid Metals, Report AERE-ED/R-1696, Great Britain Atomic Energy
Research Establishment, June 12, 1955.
24. G. R. WINDERS and R. W. FISHER, An Electro-magnetic Pump and Heating
Transformer for High Temperature Liquid Metals, USAEC Report ISC-547,
Iowa State College, Dec. 6, 1954.
25. R. W. FISHER and G. R. WINDERS, High Temperature Loop for Circulating Liquid Metals, in Chemical Engineering Progress Symposium Series, Vol. 53,
No. 20. New York: American Institute of Chemical Engineers, 1957. (pp. 1-6)
26. R. S. WINGARD, Jr., Fairchild Engine & Airplane Corp., NEPA Division,
1950. Unpublished.
27. J. F. COLLINS, Fairchild Engine & Airplane Corp., NEPA Division, 1950.
Unpublished.
28. J. E. W ALKEY, California Research Corporation, 1951. Unpublished.
29. H. A. JOHNSON et al., The Design and Operation of a 30 Gpm 40 Kw Pb-Bi
Eutectic Heat Transfer System, USAEC Report AECU-2848, University of California, Berkeley, Institute of Engineering Research, February 1954.
30. R. CYGAN, Circulation of Lead-Bismuth Eutectic at Intermediate Temperatures, USAEC Report NAA-SR-253, North American Aviation, Inc., Oct. 1, 1953.
31. H. A. JOHNSON et al., Heat Transfer to Mercury in Turbulent Pipe Flow,
USAEC Report AECU-2627, University of California, Berkeley, Institute of
Engineering Research, July 1953.
32. R. D. KEEN, High Temperature Liquid Jfetal Circulating System, USAEC
Report NAA-SR-985, North American Aviation, Inc., Aug. 1, 1954.
33. T. A. SIMMS, Fairchild Engine & Airplane Corp., NEPA Division, 1950.
Unpublished.
34. C. J. RASEMAN et al., Liquid llf etal Fuel Reactor In-pile Fuel Processing
Loop (Loop B); Construction, Operation, Experimental Results, USAEC Report
BNL-403, Brookhaven National Laboratory, January 1957.
35. W. B. CoTTRELL, Oak Ridge National Laboratory, 1952. Unpublished.
36. W. P. Brn'LER, Reactor Engineering Quarterly Report for March 1, 1950,
Through llf ay 31, 1950, USAEC Report ANL-4481, Argonne National Laboratory, July 1, 1950.
37. R. POTTER et al., Fairchild Engine & Airplane Corp., NEPA Division,
1950. Unpublished.

REFERENCES

865

38. W. J. HALLETT et al., Dynamic Corrosion of Graphite by Liquid Bismuth,
USAEC Report NAA-SR-188, North American Aviation, Inc., Sept. 22, 1952.
39. R. A. SEBAN et al., Flow Metering of Molten Lead-Bismuth Eutectic, at
University of California, Berkeley, California. University of California, Berkeley,
Institute of Engineering Research, April 25, 1949.
40. Am. Machinist, Nov. 12, 1951.
41. 0. J. ELGERT et al., Dynamic Corrosion of Steel by Liquid Bismuth, USAEC
Report LWS-24891, California Research and Development Co., Aug. 29, 1952.
42. D. S. GIBBS et al., Purification of Rare Gases. I. A Comparison of Active
Metals in the Purification of Rare Gases, USAEC Report ISC-560, Iowa State
College, Dec. 30, 1954.
43. L. P. PEPKOWITZ and E. L. SHIRLEY, Quantitative Determination of
Oxygen in Gases, Anal. Chem. 25, 1718-1720 (November 1953).
44. LELAND A. MANN, Oak Ridge National Laboratory, personal communication.
45. J. C. AusTIN and P. RICHARDS, Radiography As a Hot Lab Service,
Nucleonics 12(11), 78 (1954).
46. P. W. TAYLOR, Moore Pressure Transmitter Test Summary, USAEC Report
CF-53-1-260, Oak Ridge National Laboratory, Jan. 22, 1953.
47. M. T. MORGAN, Hermetically Sealed High-Temperature Pressure Transmitter and 'Hermetically Sealed High-Temperature Liquid Level Probe, USAEC
Report ORNL-1939, Oak Ridge National Laboratory, Sept. 15, 1955.
48. E. C. KING and V. K. HECKEL, High Temperature Pressure Gauge, Technical Report No. 45, Mine Safety Appliances Co., Jan. 5, 1956.
49. E. A. LUEBKE, Knolls Atomic Power Laboratory, 1952. Unpublished.
50. H. A. JOHNSON et al., Orifice Metering Coefficients for Lead-Bismuth
Eutectic, USAEC Report AECU-2798, University of California. Berkeley, Institute of Engineering Research, December 1953.
51. W. S. FLESHMAN and C. G. CoLLINS, The Effect of Molten Bismuth on Insulating Materials, Report NEPA-1306, Fairchild Engine & Airplane Corp.,
NEPA Division, Feb. 9, 1950.
52. R. CYGAN, Lead-Bismuth Eutectic Thermal Convection Loop. USAEC
Report NAA-SR-1060, North American Aviation, Inc., Oct. 15, 1954.

CHAPTER 24

LIQUID METAL FUEL REACTOR DESIGN STUDY*
24-1. CoMPARISON OF Two-FLUID AND SINGLE-FLUID
LMFR DESIGNS
In Chapter 18, the two-fluid and the single-fluid externally cooled LMFR
concepts were discussed in a general way. It was pointed out that the twofluid design has the better breeding possibilities but is somewhat more
complex than the single-fluid reactor. In this chapter a complete design
study of a two-fluid full-sized LMFR reactor is described and discussed,
and a shorter discussion of a single-fluid design study follows. This does
not mean that one design is necessarily favored over the other. In fact
both of these designs are being studied very extensively.

24-2. Two-FLUID REACTOR DESIGN

24-2.1 General description. The two-fluid externally cooled LMFR
concept consists of a relatively small core surrounded, for the most part, by
a blanket containing fertile material. The core is composed of high-density,
impervious graphite through which vertical channels are drilled to allow
circulation of the fuel coolant. The fuel in the core is dissolved U 233 or
U 233 dissolved and suspended in liquid bismuth. The fluid fuel also acts as
coolant for the core system. The required coolant to moderator ratio is
obtained by proper size and spacing of the fuel coolant channels.
The blanket is constructed of high-density graphite through which flows
a liquid bismuth slurry containing the bred U 233 fuel and thorium, the
fertile material. In this study, thorium is assumed to be suspended in bismuth as thorium bismuthide, although thorium oxide particles could be
used. The blanket is wrapped around the core as completely as possible
for good neutron economy. An important economic consideration is the
degree of end blanketing which can be achieved while keeping coolant
velocities below the allowable limit. Several blanket designs were investigated, but a complete study for obtaining the best end blanket design
has not yet been carried out.
*This chapter is based on studies made by Babcock & Wilcox Company for the
USAEC, BAW-1046, March 1958, and on a 17 company report BAW-2, June 30,
1955, for which Brookhaven National Laboratory contributed information and supplementary design studies.
866
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24-2.2 General specifications. Unless otherwise noted, the specifications
listed below are common to all calculations performed in this design.
Total power

825 mw (thermal)
315,000 kw (electrical)
1.22
Coolant to moderator ratio in core, VBi/Vc
Coolant to moderator ratio in blanket, Vs1urry/V c
0.50
graphite
Core-blanket barrier material
Blanket thickness
3.0 ft
Blanket slurry composition:
Bismuth
90w/o
Thorium, as Th3Bis
IOw/o
Coolant inlet temperature
750°F
1050°F
Coolant outlet temperature

Nuclear calculations utilizing latest cross sections and multigroup diffusion theory indicate that the values 1.22 and 0.50 listed above are close
to the optimum.
The several factors which dictated the choice of a bismuth-to-carbon
volume ratio merit some attention. There are some losses of neutrons due
to capture in graphite. Hence, one would wish to use only enough graphite
to sufficiently thermalize the reactor. If too little graphite is used, the
critical mass will be large. It is suspected that the T/ value for U 233 may
be lower in the epithermal than in the thermal energy range. This would
make it desirable to keep the reactor thermal. It was found that bismuthto-carbon volume ratios in the range of 0.5 to 2.0 satisfy these various requirements quite well. It may be further observed by referring to Fig. 24-1
that breeding improves with an increase in the bismuth-to-carbon volume
ratio. However, the maximum bismuth-to-carbon volume ratio acceptable
on the basis of structural limitations was 1.22, and consequently this core
diameter is 155.7 cm (61 in.) at a bismuth-to-carbon volume ratio of 1.22,
assuming a cylinder with its height equal to diameter.
Blanket slurry-to-graphite volume ratio and blanket thickness. A series of
calculations were made to estimate the most economical parameter values
for the blanket. Blanket slurry-to-graphite volume ratio and blanket
thickness were varied to give the best breeding ratio consistent with reasonable bismuth holdup. Figures 24-2 and 24-3 demonstrate the effects of
varying blanket composition and thickness on breeding ratio. The slurryto-graphite volume ratio was set at 0.5 and the blanket thickness was set
at 3.0 ft.
Study of design parameters. The parameters investigated in the following
analysis are (1) end blanket design, (2) power fraction in the blanket, and
(3) fission product poison level in the core.
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24-2.3 End blanket effects. A series of nuclear calculations were performed to determine the effects of end blanket design upon breeding ratio
and critical fuel concentration. Two extreme blanket designs were considered. In the most optimistic case, a spherical core, equivalent to a 61-in.diameter cylinder, was surrounded by a 3-ft spherical blanket. The pessimistic calculations assumed a cylindrical core with a diameter of 61 in.,
height equal to· 1.5 times the diameter, a 3-ft radial blanket, and no end
blanket. Critical values of fuel concentrations and breeding ratio were
calculated for four power fractions in the blanket for each deflign.
All calculations were performed for hot, clean conditions with an average
temperature of 900°F. A two-group, multiregion code was used to solve
the diffusion equations, and a 37-group spectral code was used to determine
the two-group nuclear constants. The results of these calculations are
tabulated in Table 24-1. The breeding ratio is decreased 0.20 to 0.25 by
completely eliminating the end blankets. This is due primarily to the
added neutron leakage out the ends of the core, despite the fact that the
core height is increased. Although the critical mass of fuel in the core is
higher without end blankets, the fuel concentration is somewhat lower
due to the increased core volume.
TABLE

24-1

CRITICALITY CALCULATIONS FOR Two-FLUID LMFR
WITH AND WITHOUT END BLANKETS

N 23/N Bi x 10 6

Case
Core

Ratio of
blanket power
Blanket to total power

Blanket
Breeding
thickness,
ratio
ft

Geometry

--

I
II
III
IV

v
VI
VII
VIII

559
530
461
436
403
366
347
403

152
534
1600
2100
1050
2100
2808
1050

0.0665
0.205
0.445
0.515
0.272
0.425
0.492
0.272

1.053
1.051
1.039
1.033
0.80
0.82
0.83
-

3.0
3.0
3.0
3.0
3.0
3.0
3.0
4.0

Full blanket

"

"

"
"

"
"

No end blanket

" "
" "
" "

"

"
"

The actual core and blanket design is between the two extremes assumed
in these calculations. The blanket can be extended beyond the end boundaries of the core, and a graphite reflector can cover the ends of the core
except for the coolant inlet and outlet. Cooling becomes a serious design
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Control Rod Drive

Core Outlet
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Blanket Outlet
Nozzle

Graphite

Fuel Passage
Core Inlet
Nozzle

Blanket Inlet
Nozzle

Fm. 24-4. Two-region, externally cooled liquid metal fuel reactor.

problem, if the end reflector is replaced with blanket material. The design
in Fig. 24-4 is a substantial improvement over no end blanket or reflector.
However, further improvement in breeding ratio could be achieved with
even better end blanket designs.
24-2.4 Power level in the blanket. For a given geometry, coolant-tomoderator ratio, and thorium concentration in the blanket, specification of
the fraction of total fissions generated in the blanket establishes a unique
set of values for fuel concentration in the blanket, fuel concentration in the
core, and fissions generated in the core. For simplicity, the power generated
in a region is assumed directly proporti()nal to the fissions in that region.
The data in Table 24-1 indicate that breeding ratio changes very little
with large changes in the fraction of total power generated in the blanket.
This increase in blanket power results in an increased ratio of resonance
to thermal absorptions, a phenomenum which tends to offset the additional
fast neutron leakage out of the blanket as blanket power increases.
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An economic analysis of the effects of changing the blanket power fraction was performed to determine the optimum core-blanket power split
under equilibrium operating conditions. The parameters affecting this
choice are (1) fission-product poison levels in the blanket, (2) fissionproduct poison levels in the core, and (3) chemical processing costs.
Fission-product poisons in the blanket. The chemical processing of the
blanket slurry accomplishes two things:
(1) The removal of bred U 233 from the blanket system at a rate necessary
to maintain the U 233 concentration in the blanket slurry at some equilibrium
value corresponding to the desired blanket power fraction.
(2) The removal of fission products from the blanket slurry.

If the blanket processing cycle is determined by the minimum removal
rate of U 233 for steady-state operation, a corresponding poison level in
the blanket is automatically set. If the blanket chemical processing cycle
is determined by the poison level and is less than the cycle determined by
the above criteria, the bred fuel removed from the blanket must be fed
back into both core and blanket to maintain steady-state fuel concentrations. In this analysis the blanket processing cycle in all cases was assumed
to be based on the minimum removal rate to maintain steady-state U 233
concentrations without feeding fuel into the blanket system.
Chemical processing cycle for blanket slurry. The chemical processing was
assumed to be performed continuously on the reactor site. Unless otherwise specified, the fluoride volatility process is utilized as described in
Article 24-3.16. The chemical processing cycle for the blanket may be
calculated [3] from the equation

TB=ZuMf!& [1+ (Z13/Zu)(b;a)]
/3P{

(BR)-(~~) J

where
TB= blanket processing cycle, days,
Zu = removal efficiency for uranium = 0.25,
Z 13 = removal efficiency for protactinium= 0.04,
M ~ = mass of fuel in blanket system, kg,

b/a =ratio of Pa 233 to U 233 in blanket,

/3 =kg of fuel burned per Mwd = 1.05(1

Pe= total power, 825 Mw,
BR= breeding ratio,

PB= blanket power, Mw,

+ a23),
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and

b

u~ (eff)<t>~s + ~

a

'Y13

where

cr21 (eff) =an effective absorption

cross section to account for resonance
and thermal absorption in U 2 33,

<t>~s

=average thermal flux over the blanket system,

')'13

=decay constant for Pa 2 33.

The poison level in the blanket depends upon TB, and TB is a function
of M::i, b/a, breeding ratio, and power fraction in the blanket. All these
variables are interrelated. The ratio b/a is a function of TB, but TB is a
slowly varying function of b/a due to the low value of Z1a/Zu (0.16).
Breeding ratio is a slowly varying function of fission-product levels in the
blanket due to the heavy loading of fuel and thorium in that region.
The breeding ratio is sensitive to the poison level, and thus to the chemical
processing rate, in the core fuel solution. An iterative calculation procedure
was required to arrive at optimum values of TB, fission-product poison
level in the blanket, and the power fraction in the blanket.
For a given chemical processing rate in the blanket, the fission-product
poison level was determined from the data in KAPL 1226 [4]. Relative
poisoning, RP, is defined as the absorptions in fission products per thermal
fission in fuel, while the fission-product poison fraction is the absorptions
in fission products per total absorption in fuel. Xenon and samarium are
treated separately and are not included in the term fission products. The
burnup, F, in a region is defined as the atoms of fuel fissioned per atom
present in the region. The burnup Fat time Tin the blanket is calculated
from

F = 0.866 T(PB/P1).

Mfa
Using this relation, the relative poisoning in the blanket was determined
for each processing cycle from a graph of RP versus F [4]. The RP curve
used is based upon high cross sections of all fission products with the exception of a low value for Zr 93 .
Xenon in the blanket. Xenon is removed from the blanket by the degasser.
Although the removal rate of fission-product gases cannot be determined
until experimental information becomes available, a poison fraction of 0.01
was assumed for Xe 13°.

24-2]

TWO-FLUID REACTOR DESIGN

873

Samarium in the blanket. The removal rate of samarium by chemical
processing was neglected. The steady-state ratio of 2:s;i /2: 2!3, using appropriate thermal absorption cross sections, is determined by the relation
2:;Sm
2:;2;3
a

= 1.42

x 10- 16<1) + 0.0126,

where (ii= average thermal flux in the region of interest.
Fission-product poisons in the core. The level of fission products, FP,
other than xenon and samarium, in the core is determined by the chemical
processing cycle for the core fuel solution. The steady-state value of FP
poisons in the core should be established by an economic balance between
the value of improved breeding ratio and increased chemical processing
costs. The relationship between the core processing cycle, Tc, and the relative poison, RP, in the core may be expressed as
d(RP) _RP

dF

F

and

Tc(Pc/Pe)
F -- 0.866 Mc
'
23
where

d~)

is the slope of the curve RP versus F [4],

M :[3 = total mass of U 233 in the core system.

The xenon and samarium poisons in the core are determined as described
for the blanket.
Economic optimization. An optimization study was performed to determine the most economic power split between core and blanket systems
and fission-product poison level for the core during equilibrium operation.
The fuel cost items which vary with these two parameters are (1) bismuth
inventory, (2) fuel inventory, (3) fuel burnup, (4) thorium amortization,
(5) thorium burnup, and (6) chemical processing. Nuclear calculations
specified the fuel concentrations for both core and blanket and breeding
ratios. These values were then used to determine the chemical processing
cycle for the blanket and the pertinent costs.
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Fm. 24-5. Fuel concentration in blanket vs. PB/P 1 for two-ftuid LMFR fully
blanketed sphere.
Nuclear calculations. The values of the parameters investigated were

RP (core)= 0.03, 0.09, 0.15,

= 0.10-0.50.
Since only a relative comparison was needed, all calculations were made
with a spherical core and complete 3-ft spherical blanket. The xenon poison
fraction was taken as 0.01, and the samarium steady-state value was computed for each region in each case.
The fission-product poison level in the blanket cannot be determined
without first knowing the blanket processing cycle. As a first approach,
the breeding ratio for the hot clean conditions was used to determine the
cycle time from which the RP in the blanket was calculated as described
previously. The relative poison levels determined on this basis were as
follows:
RP (blanket)
PB/Pt
0.029
10%
25%
0.048
50%
0.155
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Frn. 24--6. Fuel concentration in core vs. PB/P1 for two-fluid LMFR fully blanketed sphere.

All criticality calculations were performed using the specifications outlined in Article 24-2.2. Two-group diffusion theory was employed, and a
two-group, multiregion code was used for solving the diffusion equations.
As previously mentioned a 37-group spectral code was used to generate
the two-group coefficients. The critical concentration of fuel in the core
and blanket, breeding ratio, and neutron losses were determined for several
power splits for each relative poison level in the core. The blanket power
fraction values of 10, 33.3, and 503 were used as reference values for comparison, and the important nuclear parameters were determined from a set
of parametric curves for these precise values. (Cases actually calculated
corresponded very closely to the desired blanket power in most calculations.)
The nuclear parameters corresponding to these power splits are summarized in Table 24-2. Figures 24-5 and 24-6 show the variation of
N 23 /NBi in both the core and blanket as the blanket power fraction
changes. This atom ratio of U 233 to bismuth in the blanket ranges from
255 X 10- 6 to 2420 X 10- 6 for PB/P1 = 0.10 to 0.50. In the core the
N 23 /NBi ratio decreases approximately 203 over the same range. The

TABLE

24-2

RESULTS OF NUCLEAR CALCULATIONS FOR VARIOUS POWER SPLITS

Case

Relative Relative
poison
poison
PB/Pt
in
lil
core
blanket

--I (a) 0.10
(b)
(c)
II (a) 0.3333
(b)
(c)
III (a) 0.50
(b)
(c)

BR

1+ a23

1.0256 1.132
1.007 1.132
0.978 1.132

0.03
0.09
0.15

0.029

0.03
0.09
0.15

0.0475 1.007
0.993
0.978

0.03
0.09
0.15

0.155

0.980
0.959
0.945

N 23/NBi X 10 6
(core)

6
x 10
Mfa, kg
M2"3, kg N 23/NBi
(blanket)

Average
thermal
flux in
core
system

Average
thermal
flux in
blanket
system

620
664
732

368.7
395
435.4

255
255
255

53.2
53.2
53.2

5. 77 x 1013 5.20 x 1013
5.15
4.97
4.425
467

1.132
1.132
1.132

554
599
667

215.8
233.5
260

1150
1190
1230

317
328
334

7 .13 x 1013 2.61X1013
6.40
2.39
2.23
5.71

1.135
1.135
1.135

494
542
590

154.8
170
185

2420
2670
2760

834
920
951

7 .62 x 1013 1. 28 x 1013
6.72
1.01
6.19
0.97
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a fully blanketed sphere at 825 Mw.

values of the average thermal neutron flux in the core and blanket are
graphed in Figs. 24-7 and 24-8, and BR in Fig. 24-9.
Bism1Uth inventory. The primary system volumes for PB/Pt= 0.33 and
0.50 are based on a six-loop capsule design. Each loop contains a bismuth
inventory of 245 ft 3 • If 50% of the power is generated in the blanket,
three loops contain blanket slurry and three contain U-Bi core solution.
If one-third of the power originates in the blanket, two loops are devoted
to the blanket system and four to the core system. If only 10% of the total
power is generated in the blanket, a three-loop design is assumed for the
core system, and two small loops of 125 ft 3 each are used for the blanket.
The reactor holdup has been estimated from the reactor drawing in Fig.
24-4. Fuel inventory volumes are summarized in Table 24-3.
Using the value of $2.25/lb of bismuth, 12% annual fixed charges, and a
density of 613.5 lb/ft3 (9.83 g/cc), the annual bismuth inventory charges
are
C1($/yr) = 165.6 CVcs +Vb.),
where
V 00 =inventory volume of core system, ft 3 ,
Vbs =inventory volume of blanket system, ft 3 • ·
Fuel inventory. Five days' holdup of fuel from both blanket and core is
assumed for the chemical processing plant. Pa 233 is held up for 135 days to
allow for decay to U 233 • Approximately 3% of the Pa 233 remains after
135 days and is discarded with the fission-product waste. This loss, while
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TABLE

24-3

INVENTORY VoLUMES IN Two-FLUID LMFR

Ps/P1=0.l0

P 1/Pc = 0.333

Ptf Pc= 0.50

Core system:
Reactor
External system
Subtotal

275 ft 3
1640
1915

275 ft3
980
1255

275 ft3
735
1010

Blanket system:
Reactor
External system
Subtotal
Total

495
250
745
2660

495
490
985
2240

495
735
1230
2240

quite small, has been included with the fuel inventory charges, which may
be expressed as

This equation assumes a 30-kg inventory of U 233 feed material external
to the reactor. The economic assumptions used in this equation are 4%
fuel lease charges and a U 233 price of $15.65/g.
Fuel burnup. The annual cost of the net U 233 fuel burned in an 825-Mw
reactor, assuming an 80% plant factor, is
C3 ($/yr)= 3.96

x 106 (1 + a 2 3)(l -

BR).

Thorium amortization charges. Assuming a cost of $42/kg for thorium
and an annual amortization rate of 15% based on a 20-yr life, the annual
amortization charges for the thorium are

C4 ($/yr)= 6.3 Mo2.
Thorium burnup. The thorium replacement costs due to burnup are calculated according to the equation

C5 ($/yr)= 10,620 (1 + a23) BR.
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Fm. 24-11. Annual fluoride volatility processing cost vs. plant throughput for
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Chemical processi,ng costs. The chemical processing cycle time for the
blanket is determined by the PB/Pt ratio and the breeding ratio, as discussed in previous paragraphs. The processing rate for the core system is
determined by the method also described previously; see Fig. 24-10. The
total throughput to the fluoride volatility chemical separations plant is
simply:

Throughput (ft 3 /day)

=

r:+ vr:··

v

The annual processing charges based on fluoride volatility can be read
directly from Fig. 24-11, a plot of annual charges versus plant throughput.
As a matter of comparison, the chemical processing charges were also
computed for each case, assuming on-site aqueous processing methods.
The capacity and cost of an aqueous processing plant are determined by
the amount of thorium per day which must be processed. The core solution processing does not enter into the cost unless the ratio of fuel to thorium
presents criticality problems in the process equipment. This situation is
likely to occur for the higher power levels in the blanket. This analysis did
not take this possibility into account, however, and annual aqueous
processing costs were taken directly from Fig. 24-12. This design plant
capacity is 35 kg/day of thorium feed.
Results of optimization. The bismuth inventory is slightly greater for
the case of PB/ Pt= 0.10 than for the other two cases, because of the added
primary system volume. Fuel inventory charges are not very sensitive to
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fully blanketed sphere operating at 825-Mw with a plant factor of 803.
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the relative poison level in the core, but they increase sharply with an increase in power level (Fig. 24-13). Thorium charges increase linearly with
blanket system slurry volume, and fuel burnup charges increase as PB/ Pt
increases, as shown in Fig. 24-13.
Chemical processing costs drop rapidly as the power fraction in the
blanket increases. The increased processing rate required to maintain a
steady-state fission-product relative poison level in the core of 0.03· results
in a processing cost much higher than required for RP values greater than
0.09. The aqueous processing costs appear to become essentially equal to
fluoride volatility costs at a value of 503 for PB/Pt. Further analysis
would be required to determine the validity of the aqueous processing cost
curve for low throughput and high N 23/N 0 2 ratios encountered in the
cases of high blanket power. The chemical processing costs are tabulated
in Table 24-4 and shown graphically in Fig. 24-14.
The results of the economic comparisons are summarized in Table 24-5
and are graphed in Fig. 24-15. (RP on the graphs refers to the relative
poison level of the fission products in the core.) Figure 24-15 shows that
for all values of RP a minimum fuel cost occurs for a PB/ Pt of approximately 0.33.
24-2.5 Selection of a reference design. The optimization study indicated that the most economic reactor design should produce one-third of
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00
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TABLE

24-4

CHEMICAL PROCESSING CosTs Two-FLUID LMFR

Case

Slurry
flow
Blanket rate to
process chemi- RP
Pn/Pt
cycle,
cal
(core)
days
plant,
ft 3 /day,
Vbs/Tn

--I (a) 0.10

(b)

(c)

16.26
16.59
17.08

II (a) 0.3333 122.3
129
(b)
(c)
136.3
III (a) 0.50
(b)

(c)

444.5
513
547

45.8
44.9
43.6

Tc,
days

U-Bi
flow to
chemical
plant,
ft 3 /day,
Vee/Tc

Chemical
plant
thruput,
ft 3 /day,

Th/day
Fluoride Fluoride
to
Aqueous Aqueous
volatil- volatilchemi- process- processity costs, ity costs, Tn(Z,.=1)
cal
ing cost, ing cost,
$/yr X
mills/
6 mills/kwh
$/yrx10plant,
10-6
kwh
Mo2/Tn

0.03
75.8 25.3
0.09 557
3.44
0.15 1116
1. 71

71.1
48.3
45.3

3.03
2.57
2.51

1.37
1.17
1.14

65
66
68

8.05
7.64
7.23

0.03
0.09
0.15

60
446
900

20.9
2.81
1.39

29.0
10.5
8.62

2.15
1.65
1.58

0.974
0.747
0. 716

489
516
525

2.77
2.40
2.25

0.03
0.09
0.15

56.5
432
854

17.9
2.34
1.18

20.7
4.74
3.43

1. 95
1.40
1.33

0.883
0.634
0.602

1778
2052
2188

325
320
310

4.20
4.15
4.10

1. 90
1.88
1.86

57 .1
54.1
53.1

2.10
2.-08
2.06

0.951
0.937
0.933

19.6
17.0
15.9

1.38
1.32
1.30

0.625
0.598
0.589

TABLE

24-5

RELATIVE FUEL CosT FOR Two-FLUID LMFR
(WITH POISONS-BLANKETED SPHERE)

Case

Total costs incl.
Fluoride Total costs incl.
Thorium
Aqueous
aqueous procfluoride
vol.
volatility
Thorium
Fuel
proc.
invenproc.
essing
burn up, processburnup,
costs,
3 tory, 3 C5x10- 3 ing costs,
C3x10Cpxl0- 3
C 4X 10C1X 10- 3 C2x10- 3
Cpxl0- 3 Ct x10- 3 C mills
Ct x10- 3 C mills
$/yr
$/yr
$/yr
$/yr
$/yr
$/yr
1
tkwh
$/yr
kwh
$/yr
$/yr

Bismuth
inventory,
PB/Pt

-----I (a) 0.10
(b)
(c)

II (a) 0.3333
(b)
(c)
III (a) 0.50
(b)
(c)

Fuel
mventory,

440
440
440

353
353
369

-116.5
-31.4
98.6

133
133
133

12.3
12.1
11.8

3031
2570
2510

3852
3477
3562

1. 75
1.58
1. 61

4200
4150
4100

5022
5057
5152

2.28
2.29
2.33

371
371
371

399
407
429

-31.4
31.4
98.6

176
176
176

12.1
11. 9
11.8

2150
1650
1580

3077
2647
2666

1.39
1. 20
1. 21

2100
2070
2060

3027
3067
3146

1.37
1.39
1.44

371
371
371

678
731
766

89.8
184.5
247

220
220
220

11. 8
11.6
11.4

1950
1400
1330

3311
2918
2945

1. 50
1.32
1.33

1380
1320
1300

2741
2838
2915

1. 25
1. 2-0
1.32
00
00

""
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the total power in the blanket system and that the relative poison in the
core due to fission products should be approximately 0.09. However, several effects must be considered in relating the optimum reactor to the actual operating reactor. A geometry more realistic than the fully blanketed
sphere must be considered in establishing new specifications; effects of
higher uranium isotopes, Pa losses, and control rods on breeding ratio must
be taken into account; and a new chemical processing cycle for the blanket,
along with a new fission-product poison level in the blanket, must be calculated based upon the adjusted breeding ratio.
Geometry effects. The inability to wrap a blanket around the ends of
the core requires an adjustment to the parameters for the reference design
based on the calculations with a full blanket. The axial leakage out of a
bare ended core and a blanket with a height 1.5 times its diameter was calculated to be 0.18 neutron per absorption in fuel. An extension of the
blanket length and the addition of partial end graphite reflectors are estimated to reduce the end leakage to one-half this value. The total neutron
leakage, both fast and thermal, out of the partially blanketed reactor is
estimated at 0.17 neutron per absorption in fuel.
The added length of core and blanket will slightly increase the critical
mass, but the required N 23/NB; ratio will decrease slightly. In order to
be conservative in the fuel inventory costs, however, the critical values of
N 2 3 / N Bi for the fully blanketed sphere are assumed for both core and
blanket.
Breeding ratio. Higher uranium isotopes. The higher uranium isotopes,
primarily U 234 , U 235 , and U 236 , continue to build up in both the core and
blanket fuels throughout reactor life, since they cannot be separated in the
. chemical plant. The relative poison due to these isotopes, however, rises
rapidly at first with the buildup of U 236 but increases very slowly thereafter. The return from U 235 fissions almost balances for losses to U 234 and
U 2 3 6 [4]. An average poison fraction of 0.01 for the reactor is used for the
reference design.
·
Protactinium losses. The equilibrium Pa 233 concentration can be computed from the relationship
B

Ni3

B
= -ab Nz3,

using an effective thermal absorption cross section of Pa2 3 3 based on the
calculated neutron spectrum in the blanket. The relative absorptions of
the Pa 233 are very small (0.005), but they are included.
•
Control rods. The self-regulating properties of an LMFR have not been
established at this time. An allowance of 0.01 in relative absorptions is
included to account for the possibility of using a regulating rod and a small
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REFERENCE DESIGN SPECIFICATIONS
SPECIFICATIONS FOR EQUILIBRIUM OPERATION

Core:
Thermal power
Electric power
Diameter, inches
Height, inches
Fuel
VBi/Vc
N23/NBi
Mass of U 233 in system, kg
Total volume of fuel, ft3
Breeding ratio, over-all
Chemical processing cycle, days
Volume flow rate through chemical plant, ft 3/day
Mass flow rate through chemical plant, g U 233/day
Average thermal flux in active core
Average thermal flux in core system
Blanket:
Thermal power
Electric power
Thickness, ft
Vslurry/V C
Slurry content:
Thorium (as Th3Bi5)
Bismuth
N2a/NBi (atom ratio)
Mass of U 233 in system, kg
~ass

550Mw
210,000 kw
61
91.5
u233
1.22
600 x 10- 5

234
1255
0.86

446
2.81
525
1.6 x
6.4 x

lQ15
lQ13

275Mw
105,000 kw
3
0.5
103 wt
903 wt
1190 x 10- 5

of thorium in system, kg
Total volume of fuel, ft 3
Chemical processing cycle, days
Volume flow rate through chemical plant, ft 3/day
Mass flow rate through chemical plant, kg of Th/day

328
27,900
985
200
4.91
140

amount of shim control for normal operation. Safety rods are included in
the reference design but do not affect neutron economy.
Fission-product poisons. The adjustment of breeding ratio to correspond
to the effects outlined above changes the required chemical processing
cycle for the blanket system. This change in TB also changes the equilibrium

888

LIQUID METAL FUEL REACTOR DESIGN STUDY

[CHAP.

24

value of fission products in the blarrket. Proper adjustments result in a
blanket processing cycles of 200 days (assuming Z., = 0.25) and a fissionproduct poison fraction in the blanket of 0.039 (RP in blanket= 0.15).
Neutron balance. The neutron losses proportional to one absorption
in U 233 are listed below:
Absorptions in: U 233
Th

c

Bi
Xe135
sm149

Fission products
Higher isotopes
Control rod
Pa233
Leakage
Total

1.000
0.860
0.025
0.050
0.010
0.017
0.073
0.010
0.010
0.005
0.170
2.230

24-3. SYSTEMS DESIGN

24-3.1 General. Systems design covers all of the reactor plant external
to the reactor, except for chemical processing. The reactor plant includes
the steam generator, but not the steam system or its auxiliaries. The
principal purpose of the systems is to transport heat from the reactor and
generate steam. They also provide supporting functions, such as shield
cooling, uranium addition, etc.
The primary system consists of six heat transport loops, each consisting
of a pump, a heat exchanger, check valve, and interconnecting piping. The
hot-leg temperature is 1050°F; the cold-leg temperature 750°F. In each
of the intermediate heat exchangers, heat is transferred from the bismuth
to the intermediate fluid, sodium. There are six intermediate heat transport
loops, each containing a pump, steam generator, and interconnecting
piping. The hot-leg temperature is 1010°F; the cold-leg temperature
680°F. Steam is produced at 2100 psia, 1000°F.
Selection of the above parameters was a problem involving consideration
of the steam plant as well as the reactor plant. The primary system
temperatures were first fixed by using the largest D..T considered likely
to prove practical.
The temperature approach of the intermediate heat exchanger was set at
40°F, resulting in a sodium hot-leg temperature of 1010°F. To provide the
close approach necessary for steam temperature stability, the steam
temperature was set at 1000°F. A steam pressure of 2100 psig was picked
to correspond with 1000°F.
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Shifting the sodium cold-leg temperature redistributes heat-transfer
surface between the intermediate heat exchanger and the steam generator.
However, it seems desirable to favor making the intermediate heat exchanger small to cut down on fuel inventory. For this reason, the sodium
cold-leg temperature was established at 680°F.

24-3.2 Plant arrangement. Plant arrangement starts with positioning
the primary system relative to the reactor, and this is determined by seven
principal considerations: (1) reactor design, (2) plant operation, (3) maintenance, (4) operational limitations of major components, (5) structural
integrity of piping, (6) economics, and (7) safety.
A preliminary analysis of the two reactor concepts, single-fluid and
two-fluid, resulted in the decision to use three external loops for the singlefluid and six for the two-fluid reactor. For both these alternates the maintenance philosophy selected was that of removal and replacement by horizontal transfer of a complete primary loop upon failure of any major
component in the loop [5]. Thus, for arrangement purposes, the primary
loops assume the shape of a rail-mounted horizontal containment vessel,
or capsule, sized to contain all loop components. The height of the capsules
relative to the reactor is dictated by an economic balance between height
or elevation costs and pump net positive suction head.
The arrangement for the two-fluid reactor with six primary loops is
shown in Figs. 24-16 and 24-17.
In plan, the primary loops were located radially around the reactor,
Fig. 24-16. A minimum length of interconnecting pipe between the reactor
and the loops was used because of high fuel inventory costs. This latter
consideration ruled out shielding of any appreciable thickness between the
reactor and the loops. Maintenance access doors and other shielding
around the outside of the loops was sized for source conditions 6 to 8 hr
after shutdown of the reactor to permit access by maintenance personnel
at that time into the annular area.
With the primary loop arrangement established, the next problem was
location of the intermediate system. Since this system is the connecting
link between the primary systems and the steam turbines, it must be
located between them. The turbine is above ground level for gravity drainage of condenser cooling water, and the primary loops are below ground
level for economy of shield costs. The path taken by the intermediate
system can be either a high-level path, immediately up from the primary
system, or a low-level path, immediately down from the primary system,
and then horizontally to an area outside the primary system area.
The intermediate system in this arrangement follows the high-level
route to the steam plant. Sodium lines are brought straight up to an
annular area around the reactor maintenance chamber. Since access to
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Fm. 24-16. LMFR-6: Capsulate loop conceptual plant layout.

this chamber will not be permitted during reactor operation, a heavy shield
wall is not required around the chamber.
Within this annulus are the sodium pumps and the steam generators.
Final layout of this equipment will require considerable ingenuity, but it
is feasible. Steam lines will cross the roof of the reactor building to the
turbine building.
Because the primary loop hot maintenance shop for this concept serves
such specialized functions, its usefulness for maintenance of chemical
processing equipment is doubtful. Accordingly, the chemical processing
facilities for this two-fluid six-loop plant, together with its supporting hot
and conventional laboratories, fuel addition and other systems, are located
in a separate building.
The turbine building is of conventional construction and will be in all
essential respects identical for both plants.
Startup heating switch gear, gas heating and cooling systems for the
reactor and dump tanks, inert gas storage systems, control rooms, and
other auxiliaries are located relative to the above systems as logically as
possible in the light of their functional requirements.
With respect to contamination control the basic philosophy is (1) controlled access to areas having different order of magnitude activity levels
and (2) controlled circulation of ventilating air to assure flow from low-
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Dry Hot
Storage

Fm. 24--17. LMFR-6: Capsulate loop conceptual plant elevation.

to high-level activity areas. For guidance in achieving these objectives
a rough scale of activity levels has been proposed, as follows:
Class# I-conventional steam turbine plant, personnel monitored.
Class # 2-uncontaminated areas of nuclear plant, personnel monitored.
Class# 3-potentially contaminated areas, personnel closely monitored;
e.g., shield cooling, reactor and dump tank heating and
cooling, hot shop operating area.
Class # 4-low activity, accessible by closely monitored personnel only
under favorable conditions; e.g., exhaust blower room, hot
chemical laboratory.
Class # 5-medium to high activity, accessible by closely monitored
personnel only after executing standard decontamination
procedures; e.g., hot maintenance shop.
Class# 6-high activity, no access during life of plant except after
extended shutdown and special decontamination; e.g., chemical processing and chemical hot cell.
Class# 7-very high activity, no access by personnel during or after
life of the plant; e.g., primary loop and reactor areas.

24-3.3 Primary system. The LMFR primary system is designed to remove up to 825 Mw of heat from the reactor. The primary system consists
of six separate heat transport loops.
The fuel stream enters the bottom portion of the reactor vessel at a
minimum bulk temperature of 750°F, and flows upward through the core,
where fissions within the fuel cause the fluid to undergo a temperature rise
of 300°F, resulting in a maximum fuel temperature of 1050°F. Upon
leaving the core, the fluid passes upward to a degassing area, where volatile
fission products are removed from the fuel stream. The reactor discharge
consists of a header which splits the fuel flow into the primary heattransport loops.
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The primary loop piping, 20 in. in diameter, is sized to obtain a maximum
fuel velocity of IO fps.
From the degassing area discharge, each fuel stream flows to the suction
of a variable speed centrifugal sump type pump. Each pump is designed to deliver about 9000 gpm at 20-ft head of pumped fluid. To obtain
a reasonable pump speed, the net positive suction head requirement is
11.5 ft. A gas pressure (helium) is maintained over the pump sump to
prevent flooding of upper parts (motor windings, cooling system, etc.) of
the pump.
From pump discharge the fuel stream flows to the tube side of a U-tube
U-shell intermediate heat exchanger in which the fuel stream gives up heat
to the intermediate fluid, sodium. Upon discharge from the intermediate
heat exchanger, the fuel solution flows into the reactor.
To meet safety requirements, the reactor and the major components of
the primary loops are enclosed within containment vessels. The containment vessel which houses the pump and heat exchanger of each primary
loop is a cylindrical capsule, 20 ft in diameter by 30 ft long, including 2:1
elliptical heads. The capsule is equipped with access holes such that certain maintenance operations may be performed [5]. The reactor containment vessel is a right circular cylinder 30 ft in diameter, with a hemispherical top head and a flat bottom head. Access holes are provided in the
vessel for maintenance operations.
Each heat-transport loop is provided with four dump tanks which receive the loop and a portion of the reactor volumes. The tanks are sized and
arranged to prevent a fast chain reaction. The primary loops are filled from
the dump tanks by means of small electromagnetic pumps. These pumps
also promise a means for agitation of the fuel.
Two dump lines, each with a maintainable valve, connect each loop with
the dump tanks.
The bismuth charge system consists of a bismuth melt tank, filter,
valves, and piping to the dump tanks.
The proposed material of construction exposed to primary fluid is 2!%
Cr-1 % Mo steel.

24-3.4 Intermediate system. The intermediate system, which also consists of six separate heat-transfer loops, utilizes sodium as the heat-transfer
medium. All material of construction of the intermediate system, except
the steam generator, is 2!% Cr-I% Mo steel. The steam generator, which
is designed for high-pressure, high-temperature service, is constructed of
type-304 stainless steel. The intermediate piping (12-in. schedule-30) is
sized for a maximum sodium velocity of 17 fps.
Sodium flowing at 11,000 gpm enters the shell side of the intermediate
heat exchanger (which is a U-tube, U-shell unit containing 2400 5/8-in.-OD
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tubes with an average length of 21 ft) at 680°F, flows countercurrent to the
fuel stream, and exits from the heat exchanger. Sodium flows to the suction
of a variable speed centrifugal sump type pump. Each intermediate pump is
designed to deliver 11,000 gpm at 180-ft head.
From pump discharge sodium flows to the shell side of the steam generator. The steam generator is a U-tube, U-shell "once-through" type
unit which is constructed of type-304 stainless steel. The unit consists of
530 1/2-in.-OD tubes with an average length of 65 ft. The shell OD is
29 in. and the over-all length is 68 ft.
Sodium flows countercurrent to superheated steam, boiling water, and
feedwater in the steam generator and gives up heat which produces
1,100,000 lb/hr of superheated steam at 2250 psig and 1000°F.
From the steam generator sodium flows to the intermediate heat exchanger inlet to complete the cycle.
In addition to the components listed above, auxiliary components are
necessary to obtain proper function of the intermediate system. An expansion tank is located at the highest point of each intermediate loop. This
tank serves as a cushion for pressure surges, a surge vessel for thermal expansion of sodium, and suction head for the pumps. The lowest point of
each intermediate loop is connected by pipe and dump valves to a sodium
dump tank which receives the inventory of the respective loop. Sodium is
replaced in the loop by a small electromagnetic pump which takes suction
from the bottom of the dump tank. A plugging indicator and a cold trap
are provided to determine sodium oxide concentration and to maintain
the oxide concentration at low levels.
In the event fission-product "hangup" occurs in the intermediate heat
exchanger, fission product activity will generate heat within the metal.
To prevent excessive metal temperatures, cooling must be provided when
the unit is drained. This cooling is accomplished by providing removable
sections of insulation which, when removed, will permit heat to be dissipated by radiation, conduction, and convection heat transfer. Flow control
of the intermediate system will be by the variable speed pump drives. This
method of control should provide a reasonably constant steam temperature
and pressure.

24-3.5 Reactor heating and cooling system. The reactor must be preheated prior to operation and for outgassing purposes. The required temperature for outgassing the graphite is 1000°F. To achieve preheating,
hot helium gas will be circulated through the close-fitting jacket or double
containment which creates an annulus surrounding the reactor vessel.
During the preheating phase, helium gas will be pumped from one of two
blowers, pass through an electric resistance heater, be introduced at the
bottom of the annulus, pass up around the reactor vessel giving up its
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transported heat to the cooler surface, and return by ducting from the
upper end of the containment to the blower suction.
When, for any reason, it becomes desirable to shut down the reactor and
dump the primary system, reactor cooling must be provided to remove
decay heat generated by fission-product hangup within the reactor after
dump. This is necessary to prevent internal temperatures from exceeding
design limits. The system as just described provides cooling by opening a
valve to bring a finned tube helium-to-water heat exchanger into the cycle
and by closing a stop valve to remove the gas heater from the gas flow
path.
Helium system design pressure and temperature will be 5 psig and 1050°F.
The entire loop is of all-welded construction to minimize helium leakage
and leakage of volatile fission products should a rupture of the reactor
vessel or piping give volatile fission products access to this loop.

24-3.6 Dump tank heating and cooling. When fuel is drained from the
primary system into the dump tanks, fission-product decay produces heat
within the fuel which must be removed to prevent dump tank metal
temperatures from exceeding design limits.
Cooling is accomplished by circulating helium at 140 psig through a narrow annulus around each dump tank. Helium which has removed heat from
the dump tanks passes through a finned-tube heat exchanger and gives up
heat to river water. Circulation of helium is provided by six 14,000 cfm
blowers, each rated to provide a head of 18-in. water. Three standby
blowers are also provided. Helium piping is arranged such that four dump
tanks are serviced by one blower.
To preheat the dump tanks and to maintain their temperature at a level
such that fuel precipitation does not occur, electric heaters are paralleled
with the heat exchanger such that the same piping system serves for heating
or cooling. The heaters or heat exchangers may be brought into or taken
off the cycle by valving.

24-3.7 Startup heating system. Prior to power operation, the LMFR
heat-transport system must be preheated to about 800°F. The reactor and
the primary dump tanks are preheated by electric furnaces and circulating
helium. The remainder of the heat-transport systems, i.e., primary pipe,
intermediate heat exchanger, intermediate piping, dump tanks, expansion
tanks, steam generator, and the steam system pipe and components, are
preheated by induction heaters.
Since 2!- Croloy and stainless steel are nonmagnetic, a thin sheet of carbon steel will be required under areas where induction heaters are applied.
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24-3.8 Primary inert gas system. Inert gas is used in the LMFR primary
system to cover all free liquid metal surfaces and to provide a gas seal
within the pumps.
Helium, by virtue of its very low activation cross section and inertness,
is utilized as the cover and seal gas for the primary system. It is stored
at 200 psig in a storage tank and is piped via pressure-reducing valves to
the pump, dump tanks, and reactor. Since relatively small quantities of
helium will be used, it is expected that waste helium will be discharged via
the off-gas system to the stack.
Since commercial helium is sufficiently pure for use in an LMFR, no
purification will be required.
24-3.9 Intermediate inert gas system. Nitrogen is used in the LMFR
intermediate system to cover all free sodium surfaces and to provide a gas
seal in the pump. It is stored at 200 psig in a storage tank and is piped via
pressure-reducing valves to the pumps, expansion tanks, and the dump
tanks. Used nitrogen is discharged to the stack.
Commercial nitrogen must be purified prior to use in the intermediate
system. Purification is accomplished by bubbling nitrogen through several
tanks containing NaK.
24-3.10 Shield cooling. The concrete surrounding the primary cells
serves as a shield from the neutrons and gammas leaving the primary fluid.
In the absorption of these neutrons and gammas, considerable heat is
generated within the concrete. To hold temperatures and thermal gradients
within the concrete to reasonable limits, a cooling system must be utilized.
This cooling system consists of panel coils embedded about 6 in. within the
concrete shield. High-purity water, flowing inside the panel coils, removes
heat from the concrete and prevents temperature damage to the concrete.
The closed, high-purity loop which rejects heat to river water is designed
for a maximum heat load of 6 Mw. One pump of 900-gpm capacity provides circulation for the closed water loop. Flow control valves proportion
the flow to the various panels such that panel coil outlet temperatures are
equal.
A dump tank for the closed loop (about 300 ft 3 ) is located beneath the
panel coils, so that the coils may be gravity drained. Water is returned to
the closed loop by means of gas pressure. In the event it is necessary to
dispose of the water in the closed loop, it may be drained from the dump
tank to the radioactive waste disposal system.
24-3.11 Reactor cell cooling. Instruments located within the reactor
containment vessel must be kept at a relatively low ambient temperature.
To maintain the ambient temperature, a "fin fan" cooling unit is attached
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to the containment vessel. Helium, which fills the containment vessel, is
circulated by a blower located within the cooling unit. The circulating
helium removes heat from the containment vessel and transports it to the
finned coil, where it is transferred to water which is taken from and returned
to the closed shield cooling circuit.

24-3.12 Capsule and reactor room cooling. The containment capsules
and the reactor are located in a large room. The ventilation requirements
of this area are dependent upon heat losses from the primary loop containment capsules.
Ventilation is provided by locating air intake louvers at several points
around the room. An air fan provides circulation of air around the capsules
and removes heat, which is discharged to the stack. A radiation monitor
continuously monitors the air discharge. In the event radiation tolerance
levels are exceeded by the air discharge, the cooling air will be recirculated
to the reactor and capsule room until the source of radiation is determined.
24-3.13 Raw water system. The raw water system is the final waste
heat sink for the entire plant. River water, which is screened and treated,
is piped beneath the turbine-generator building. The systems which require
river water, i.e., turbine condenser, shield cooling, reactor cooling, dump
tank and pump cooling, take suction from this pipe and discharge to a
simiiar one which returns the heated water to the river. Where possible,
river water flows tube side in heat exchangers, to facilitate cleaning.
24-3.14 Instrumentation and control. The purpose of the control system
in this plant is to provide safe and stable operation while following the
loads imposed by the utility system. The plant follows the turbo generator.
Loads on the turbo generator are set by the utility.
A load change will appear in the steam system as a change in throttle
valve position and, therefore, a change in steam flow and pressure. The
feedwater controllers at the inlet to the steam generators will sense these
changes and operate to maintain steam pressure constant. The steam flow
could also provide an anticipatory signal to the primary and intermediate
syHtem pumps to change their speed to suit the load.
The reactor will have a negative temperature coefficient of reactivity.
Thus, it will try to maintain its average temperature constant during load
changes. The temperature will change from time to time as reactivity
changes. To take advantage of the negative temperature coefficient, the
average temperature of the reactor will be set at a constant value.
Programming of flow rate in the primary and intermediate loop is uncertain. Cost estimates for pumps and control equipment were based on
the premise that speed of the pumps would be varied. This might be necessary to avoid thermal stresses during transients.
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Fm. 24-18. Fluoride volatility processing of core and blanket.

24-3.15 Maintenance. The maintenance of the reactor and primary
system components will be completely remote, because of the high levels of
radioactivity of the circulating fuel. The entire plant and reactor system
are arranged for remote maintenance [5].
24-3.16 Chemical processing. The pyro process chosen for this economic
study is the fluoride volatility method applied to a two-region reactor.
Work of adapting this process to bismuth fuel processing is presently under
way at Argonne National Laboratory. Figure 24-18 presents the main
steps in this process. As shown, the process may be used for either blanket
or core liquid. When the plant is processing core liquid the basic steps in
this process are (1) hydrofluorination to oxidize uranium and some fission
products, (2) transfer of the oxidized material to a fused salt phase, (3)
fluorination of the salt carrying the uranium and fission products for separation of uranium as volatile UF 6, ( 4) reduction of the UF 6 to UF 4 by
H 2 in a fused salt phase, and (5) reduction of UF 4 to uranium metal and
transfer into the metal phase (bismuth).
The volatility method can be conveniently used to process a thorium
bismuthide blanket. The process must be preceded by a phase separation
step which separates the thorium bismuthide solids from the liquid carrier
bismuth (Fig. 24-19). The modification of the core liquid process flowsheet
is as follows: (1) salt effluent from the hydrofluorination step must be
stored in order to achieve Pa decay to uranium, and (2) the bismuth liquid
is returned to the blanket head end process without the addition of uranium.
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Fm. 24-19. Head end processing, bismuthide slurry.

Certain of the fission products are not removed by volatility processing.
These may be removed by zinc precipitation (Fig. 24-20). This process
requires that the bismuth feed be free of uranium, and the volatility plant
provides such a bismuth feed stream.
The head end process transfers bred uranium, protactinium, and fission
products out of the solid phase portion of the slurry and into the liquid
phase. After this step the two phases are partially separated. A liquid
portion transferred to the volatility plant carries bred uranium, protactinium, and fission products with it for stripping with HF. The stripped
liquid bismuth is returned to the head end plant for mixing with fresh slurry
feed. The head end process is not 1003 efficient; i.e., the uranium and
protactinium are not completely removed from the slurry before reconstitution and return to the blanket region. This problem has been examined
in some detail and was taken into account in determining economics.

24-3.17 Turbine generator plant. A flow of 3,330,000 lb /hr of superheated steam at 2100 psi and 1000°F is delivered to the turbine. The
generator has a gross output of 333,000 electrical kw, and the condenser
removes 1.677 X 109 Btu/hr at 1.5 in. of mercury absolute, thus giving a
gross heat rate of 8450 Btu/kwh. About 18,000 kw of electrical power is
used for the various pumps and auxiliary systems in the plant, making
the net output 315,000 kw. Therefore, the net heat iate is 8940 Btu/kwh,
which corresponds to an efficiency of 38.23.
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At full load there are 1,825,500 lb/hr of steam leaving the turbine and
being condensed in the condenser. Also, 113,800 lb/hr of water from
various parts of the cycle are being cooled by the condenser. The total
head load on the condenser is 1.677 X 109 Btu/hr. The condenser cooling
water enters one water box at 70°F and leaves the other at 80°F.
24-3.18 Off-gas system. The actual design and efficiency of any conceptual degasser are as yet unknown quantities, and a knowledge of these
important details will have to wait until in-pile loops have provided sufficient data.
The off-gas system will consist of a cooler followed by a series of storage
bottles. Gaseous fission products that have been separated from the liquid
bismuth in the degasser are first sent through a cooler which offers a residence time of about a day, or enough for most of the short-lived isotopes
to decay. From the cooler, the gasses are compressed into storage bottles,
each capable of holding 30 days' accumulation. The storage bottles will
each be 4.25 ft 3 in volume, and at 212°F and 60 psia at the time of disconnection from the compressor.
Some sweep gas may be included in the above gas stream, but the present
design philosophy indicates that no extra sweep gas should be required;
however, if some sweep gas is required for efficient degasser operation, this
gas could be obtained by a recycle of previously removed gas. This recycle
sweep stream would most probably be taken from the storage bottles after
sufficient cooling.
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The gas in the storage bottles may be vented to the atmosphere after
90 days of storage, since then only the Kr8 5 activity is still present in appreciable amounts, and this can be released provided there is sufficient dilution. However, the most probable course of action will be to process the
stored off-gas through a gas separation system, where the valuable Kr8 5
will be recovered.

24-4.

SINGLE-FLUID REACTOR DESIGN

24-4.1 General description. The single-fluid LMFR concept has been
investigated to determine the characteristics and economic attractiveness
of this design. In general, the core consists of a large array of solid moderator blocks stacked to provide the desirable geometry of a cylinder. Vertical
cylindrical channels are drilled through the moderator to allow circulation
of the liquid metal slurry containing both the fuel and fertile material.
The fission heat generated in the fuel-coolant stream is transported by
forced convection to heat exchangers external to the reactor vessel. The
unique feature of this concept is that only one coolant, the slurry, is used
for removing heat from all parts of the reactor. The desired slurry-tomoderator ratio is achieved by selecting the appropriate combination of
channel size and spacing.
24-4.2 General specifications. The general specifications for the system
affecting reactor design are tabulated below:
Power

825 Mw (thermal)

315 Mw (electrical)
Slurry temperature:
T;n

Tout

Maximum slurry velocity

750°F
1050°F
10 fps
or u233

Fuel

u235

Fertile material

Thorium

Moderator material

Graphite or BeO

Slurry carrier

Bismuth or lead

Slurry-to-moderator ratio

Variable

Fertile material content in slurry

Variable

Core geometry

Cylinder

Core size

Variable
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24-4.3 Parametric study. A parametric study was performed to determine the optimum nuclear parameters for a single-fluid concept. The
variable parameters investigated and their range of values are:
Slurry-to-graphite ratio, V./Vc = 0.05 to 1.0,
Fertile material content, g/kg of Bi = 0 to 80,
Equivalent bare reactor diameter, D, ft= 10 to 20.
The choice of fuel for the first full-scale LMFR will depend upon the
availability of U 233 , which is much more attractive than U 235 because of
better neutron economy, and a sufficient quantity for fueling an LMFR
may be available in 10 to 15 yr. In the early stages of this study, however, U 235 was arbitrarily chosen as the fuel for the parametric study.
The selection of the reference design should be valid for either fuel.
In each case the critical concentration and conversion ratio were determined by multigroup diffusion theory, using 37 neutron energy groups.
To handle the large number of calculations, a digital computer was used
once the range of values for the parameters was established by a series of
criticality calculations by hand.
The use of BeO as a moderator has the advantage of reducing the core
size because of improved slowing-down power compared with graphite.
Critical size, fuel concentration, and breeding ratio were determined for
one case, using BeO as moderator.
Since the cost of bismuth as a primary coolant is between $3,000,000
and $4,000,000, the inventory charges are a significant fraction of the
total fuel costs. One case was calculated using lead as a coolant in order to
compare the increase in inventory charges due to the use of bismuth with
the loss in conversion ratio due to the absorptions in the lead.
Basis of nuclear calculations. To obtain comparative results, the following specifications were assumed for all cases:
Average temperature

862°F

Graphite density

1.80 g/cc

Bismuth density

9.83 g/cc

Geometry

Cylinder (H = D)

For consistency and ease of comparison, all calculations used equivalent
bare reactor dimensions, except the calculation of reflector savings as a
function of reflector thickness.

TABLE

24-6

SUMMARY OF SINGLE-FLUID NUCLEAR CALCULATIONS

Case

Thorium,
g/kg Bi,

V,/Vc

Bare equiv.
core size,
D= H, ft

Initial
conversion
ratio

0.5
0.7
1.0
0.3
0.3
0.5
0.7
0.2
0.2
0.2
0.3
0.3
0.3
0.5
0.5
0.5
0.5
0.2
0.2
0.2
0.3
0.3
0.3
0.5
0.5
0.5
0.05
0.2
0.2
0.2
0.3
0.3
0.3
0.5
0.5
0.5
0.3
0.3
0.3
0.5

14
14
14
14
10
14
14
14
17
20
14
17
20
10
14
17
20
14
17
20
14
17
20
14
17
20
14
14
17
20
14
17
20
14
17
20
17
8
12
14

0.00
0.00
0.00
0.53
0.43
0.608
0.65
0.625
0.666
0.695
0.692
0.733
0.760
0.63
0.746
0.788
0.814
0.735
0.780
0.801
0.788
0.817
0.843
0.787
0.827
0.854
0.565
0.804
0.840
0.865
0.816
0.849
0.875
0.747
0.788
0.851
0.720
0.680
0.765
0.880

Wo2

11144
11154
11164
11234
11232
11244
11254
11324
11325
11326
11334
11335
11336
11342
11344
11345
11346
11424
11425
11426
11434
11435
11436
11444
11445
11446
11514
11524
11525
11526
11534
11535
11536
11544
11545
11546
11435*
11431 t
11433t
11344t

0
0
0
15
15
15
15
30
30
30
30
30
30
30
30
30
30
50
50
50
50
50
50
50
50
50
80
80
80
80
80
80
80
80
80
80
50
50
50
30

*Lead coolant

tBeO moderator

tu2aa fuel

N2s/Nm,
Xl0 6

153
134
120
458
621
451
481
774
706
666
772
708
671
1181
870
794
751
1199
1099
1054
1304
1203
1144
1757
1598
1504
2099
1990
1853
1769
2452
2274
2160
4471
3959
3684
1531
1223
1032
678
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The resonance integral of the fertile material is a function of the scattering per atom, size of fuel channel, and lattice spacing. The channel size
and lattice spacing, however, are not specified; therefore, the lattice
resonance parameters are not known. A maximum value of the effective
resonance integral is the homogeneous value based on the scattering in
the core mixture per atom of fertile material. A minimum value of the
resonance integral is the homogeneous value based on scattering in the
slurry per fertile atom. For the cases using thorium, a value of Roz (effective resonance integral) was chosen between the maximum and minimum values, and the calculated uncertainties are± 203 in the N z 5 /NBi
ratio and ± 3.33 in the conversion ratio.
Results of nuclear calculations. The results of the parametric study are
summarized in Table 24-6 for all cases. The critical concentrations and
conversion ratios for the cases using thorium as the fertile material are
graphed in Figs. 24-21 through 24-25.
The notation used on all graphs have the following definitions:

N z5 /NBi =atom ratio of UZ 3 5 to bismuth.
Waz
=thorium concentration in grams of ThZ 3 Z/gBi.
V,/Vc
=volume ratio of slurry to graphite in core.
D

= the equivalent bare core diameter in feet.

In all cases, the fuel concentration increases with an increase in fertile
material, W oz (Fig. 24-24). An increase in V,/Vc increases the thorium
content, reduces the slowing-down power, increases the average energy of
the neutron spectrum in the core, and increases the thorium absorptions.
As a result of these effects, the critical fuel concentration in the fluid fuel,
N z 5 /NBi ratio, increases as V,/Vc increases (Fig. 24-25).
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FIG. 24-21. Conversion ratio vs. thorium concentration for a single-fluid LMFR.

904

LIQUID METAL FUEL REACTOR DESIGN STUDY

[CHAP. 24

0.8

.2
ii

"'c

-~ 0.7

~

c
0

u

0.6

0.5 ' - - - - - - ' ' - - - - - - ' - - - - - ' - - - - - I . - - - - '
0.2
0.3
0.4
0.5
0.6
0.7
Vs/Ve

Fm. 24-22. Conversion ratio vs. slurry-to-graphite volume ratio for a singlefluid LMFR.

0.90 - - - - - - - - - - - - - - - - - -

Wo2=80

w 02 =80
0.85

Wo2=50
Wo2=50
w 02 =80
w 02 =30

0.80

Wo2=50

-~

c

"'

-~ 0.75

.e

>
c
0
u

0.70

0.65

-------- -Ys/Vc=0.3
----Vs/Vc=0.5
---vs/Vc=0.2

0.60 '-----'----'------'-----'-----'--__J
15
14
16
17
18
19
20
Bare Diometer, Feet

Fm. 24-23. Conversion ratio vs. diameter for a bare single-fluid LMFR.

24-4]

905

SINGLE-FLUID REACTOI. DESIGN

4400~---..-----..-----..------.----.-----...---,...... D = 14'

"'
0

4000

)(

iii 3600

z

':()

z

----- Vs/Ve= 0.2
- - - - Vs/Ve= 0.3
- - Vs/Ve=0.5
0
Vs/Ve= 0.7

D =17'

D =20'

3200

o' 2800

"&

"'E
~

2400
2000

i:

"~

1600

~

1200

iii

a;

..."

800
400
10

20

30

40

w02 ,Grams

70

60
50
Thorium/kg Bismuth

80

FIG. 24-24. Critical fuel concentration vs. thorium concentration for single-fluid
LMFR.

_ _ _ Wo2=80
---------Wo2 = 50
-----Wo2 = 30
-···-···Wo2 = 15
------Wo2 =O

D

=14'

------ --- -----------

--·-------E>..:2.4.
1001..........l.-..L--......l.-.1.-....J..-.l.-....J..-.l.-....J..-.1..-....J..-.l..--i...---'
0.4
0.5
0.6
0.7
0.2
0.3
0.1
Vs/Ve

FIG. 24-25. Critical fuel concentration vs. slurry-to-graphite volume ratio for a
single-fluid LMFR.

906

LIQUID METAL FUEL REACTOR

DESIG~

STUDY

[CHAP.

24

The conversion ratio is highly dependent upon the N 02/N 25 ratio, the
average energy of the neutron spectrum, and the reactor size. Figure 24-21
shows that for larger values of V,/Vci the conversion ratio passes through a
maximum as thorium concentration increases; however, for smaller values
of V,/Vc, the conversion ratio increases continuously as V,/Vc increases
over the range of interest; i.e., the maximum value of the conversion
ratio shifts to higher values of W 0 2 as the V,/Vc ratio decreases. Likewise,
the curves of conversion ratio versus V,/Vc go through a maximum, with
the maximum value occurring at increasingly higher values of V,/Vc as
W 02 increases (Fig. 24-22).
An increase in core diameter simply reduces the neutron leakage. As a
result, the conversion ratio increases as the diameter increases. An increase in D from 14 to 20 ft increases the CR approximately 0.09 (Fig.
24-23).
Case 11435 was recalculated using lead instead of bismuth as the coolant
fluid. The conversion ratio decreased by 0.10, and the critical N2 5 /NBi
ratio increased from 1203 X 10- 6 to 1531 X 10- 6 .
Beryllium oxide, BeO, was used as moderator in another variation of
Case 11435. This calculation, case 11433, for a diameter of 12 ft, requires
an N 25 /NBi ratio of 1032 X 10- 6 and yields the slightly lower conversion
ratio of 0.77.
The worth of a pure graphite reflector was calculated for Case 11435.
The reflector savings as a function of reflector thickness are shown in
Fig. 24-26. The reflector savings are approximately equal to the reflector
thicknesses for reflectors less than 2 ft thick.
The values of conversion ratio and N2 5 /NBi ratio calculated in this
parametric study are for hot, clean reactor conditions, and they are used
for comparative purposes only. The effects of fission-product poisons,
control rods, and Pa 233 losses have not been included.

24-4.4 Economic optimization. The selection of parameters for a reference design must be based upon economics. An economic optimization
was accomplished by computing relative energy costs based on those
variable costs which depend upon the parameters selected. The costs
which are dependent upon the nuclear parameters are (1) bismuth inventory, (2) fuel inventory, (3) fuel burnup, (4) thorium inventory,
(5) thorium burnup, (6) reactor core and vessel, and (7) chemical processing costs.
Reactor cost. Since the range of reactor sizes varies from 10 to 20 ft,
reactor cost is an important variable. Reactor vessel, graphite, and erection costs have been estimated for several sizes; to these is added $167,000
for three control rods and miscellaneous hardware. Contingency and engineering of 443 were also assumed. A breakdown of these costs is listed
in Table 24-7.
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Fm. 24-26. Reflector savings vs. reflector thickness for a single-fluid LMFR.
These data are obtained from case 11435, where V. Ve= 0.3, W o2 = 50 g/kg, and
DB= 17.
TABLE

24-7

ESTIMATED SrnGLE-FLurn REACTOR CosT

Size,
ft
10
14
17
20

Reactor Graphite
160,000
380,000
570,000
900,000

350,000
970,000
1,700,000
2,800,000

Misc.

Erection

Total

Total
cost

167,000
167,000
167,000
167,000

24,000
30,000
35,000
40,000

701,000
1,547,000
2,472,000
3,907,000

1,009,440
2,227,680
3,559,680
5,627,080

$/yr
151,400
334,152
533,952
843,912

Bismuth inventory charges. The bismuth inventory is determined by the
primary system volume external to the reactor vessel, the volume of bismuth in the core, the volume of bismuth external to the core but inside the
reactor vessel, and the holdup external to the reactor system. The primary
system external to the reactor vessel is made up of three heat-exchanger
loops containing a total volume of 1640 ft 3 • The volume of bismuth in
the core is
e V
V Bi
= r 1 Vs/Ve
Vs/ V /

+

W

h

ere

V

r = Core

VO

1
ume

The volume of bismuth external to the core and inside the reactor vessel
is tabulated in Table 24-8.
No additional holdup is included to account for temperature expansion
during startup, fuel feed system, and other sources of bismuth inventory.
The assumption used throughout this study that the volume of bismuth is
equal to the volume of slurry accounts for an additional 3 to 103 excess
bismuth due to the Th02 content of the slurry.
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24-8

BISMUTH INVENTORY IN REACTOR VESSEL
EXTERNAL TO CORE

<Jore diameter, ft

Bi inventory, ft 3

10

550
600
650
700

14
17
20

The density of bismuth is taken as 9.83 g/cc, and the price is assumed
to be $2.25/lb. Bismuth is a nondepreciating capital investment with a
123 annual amortization rate. The annual bismuth inventory charges
may be represented by the equation

where

VP = total primary system volume except core, ft 3,
PBi =density of bismuth, lb/ft 3.
Fuel inventory charges. The annual lease charges on the U 235 are assumed to be 43. Treating Pa 233 as fuel, the annual fuel inventory charges
can be expressed as

where

V2a =Via= value of U233 as fuel,
V 25 = value of u 2a5 as' fuel, $17, 760/kg,

M; =average mass of elementj in entire reactor system
during life of plant.
To simplify the work in the absence of information concerning average
values of fuel mass, the total mass of fuel was considered to be the hot, clean
critical loading at startup. The value of M25 is taken as the initial value
with M2a and Mia taken as zero.
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Fuel burnup costs. Using U 235 as fuel, the yearly burnup costs are
Ca($/yr) =

17.76(292)P~(l

- CR),

where
P =power, 825 Mw,
~

= grams of fuel burned per M wD, 1.25,

CR= average conversion ratio.
The initial value of the conversion ratio is used, since only relative costs
are needed.
Thorium burnup costs. Thorium is periodically replenished in the reactor
to maintain the desired concentration in the slurry. The thorium burnup
costs may be expressed as

where V 02 = value of thorium, $42/kg. These costs are very small, approximately $10,000/yr, and are neglected.
Chemical processing costs. The chemical processing is assumed to use
solvent extraction aqueous chemistry in a central processing plant. The
irradiated fuel is removed from the reactor on a batch processing cycle.
The processing costs are represented by
Cp = 292 [ 95.875

~ 2 + 4795 M2~T) + 25 0~00 + 596

J,

where
M 02 = total thorium inventory kg,
M~ 3 (T)

= M2a

+ M13 at time T after loading of fuel charge, kg,

T = chemical processing cycle time, days.

Results of economic optimization. Since chemical processing costs are
very sensitive to the chemical processing cycle time and the optimum cycle
time may vary with reactor design, the relative energy cost of each reactor
design was determined neglecting the chemical processing costs. The results
of this study are tabulated in Table 24-9 and are shown graphically in
Figs. 24-27 and 24-28.
The pure burner, W o2 = 0, shows costs more than twice as high as several
of the more attractive concepts (Fig. 24-28). In general, the minimum
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costs are achieved with thorium loadings corresponding to Wo2 = 20 to
50 g/kg. The most attractive designs do not have the highest values of
conversion ratio.
In many cases the additional fuel inventory charges and reactor vessel
costs corresponding to higher conversion ratios more than offset the reduction in fuel burnup costs. The economically optimum reactor is neither a
burner nor a converter with maximum conversion ratio, but somewhat
between these extremes.
Using a cost of 18¢/lb for lead as a coolant, comparisons of lead versus
Bi as a coolant were made for Case 11435. The annual fixed charges on
lead were only $44,000 compared with $478,000 for bismuth in this case;
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however, the increased fuel burnup and inventory charges associated with
the lead coolant resulted in a net increase of $288,000/yr or 0.14 mills/kwh
in the fuel cost. BeO is not feasible as a moderator material for this concept
because of its high cost. Fixed charges on the BeO alone add almost a
mill/kwh to the fuel cost.
The six most attractive cases were selected and the chemical processing
costs computed for several processing cycle times. The total costs tabulated
in Table 24-10 are based on a 3000-day cycle time, and other costs are from
Table 24-9. Since the aqueous processing costs are dependent upon the
total thorium inventory to be processed, chemical processing costs penalize
the designs with heavy thorium loadings. In Tables 24-9 and 24-10, the
total costs are reduced to mills/kwh by using an electrical power output
of 315 Mw with an 803 plant factor.

24-4.5 Selection of a reference design. Using the data presented in
Table 24-10, a design was selected for further study. It is important to
realize that when chemical processing costs are included in the comparison
of energy costs, there is little difference in the cheapest four or five cases.
The relative attractiveness of these cases depends very heavily on the
economic ground rules. Even a change in chemical processing cycle may
change the relative order of the cases. With the wide range of freedom for
choice of nuclear parameters in this concept, the economic optimum can
be chosen to correspond to any set of basic assumptions on economics.
For example, an increase in fuel price would emphasize higher conversion
ratios. The design selected for further study was Case 11344.
Time study. The nuclear performance of the reference design, Case 11344,
was determined using a thorium lifetime program written for the digital
computer. These calculations provided information concerning the variations of fission-product poisons, breeding ratio, and critical fuel mass as
functions of reactor operating time. This information then made possible
the choice of an optimum fuel processing cycle and the determination of
over-all fuel cost for the operating reactor.
Basis of time study. The reference design calculations used U 233 as fuel
for both the initial charge and feed material. Since the contemplated construction date for an LMFR is 10 yr in the future, the assumption that
U 233 fuel will be available seems reasonable, and data based on U 233 allows
comparison with previous work [2].
The reference design on which the time studies were based has a graphite
side reflector 1.5 ft thick, an active core diameter of 11 ft, and a core
height of 14 ft. The average core temperature is 900°F. The nuclear constants used in the two-group criticality and isotope buildup calculations
were determined by using a 40-group spectral code.

TABLE

24-9

RELATIVE ENERGY COSTS FOR SINGLE FLUID LMFR

Case

11144
11154
11164
11232
11234
11244
11254
11324
11325
11326
11334
11335
11336
11342
11344
11345
11346
11424
11425

Bismuth
Thorium Reactor
Initial
Fuel inFuel
mveninvencore and
conver- N2s/Nm,
D(bare),
ventory, burnup,
Crx 10- 3 ,
Cr,
tory,
tory,
Wo2
vessel,
V,/Vc
6
3
3
sion
Xl0
ft
,
,
C2
x
10C3
x
10$/yr
mills/kwh
3 , c6 x 10- 3 ,
Ci x 10- 3 ,
c4x10ratio
$/yr
$/yr
$/yr
$/yr
$/yr
--

0
0
0
0.432
0.530
0.609
0.647
0.625
0.666
0.695
0.692
0.733
0.760
0.628
0.746
0.788
0.814
0.735
0.780

153
134
120
621
458
451
481
774
706
666
772
708
671
1181
870
794
751
1199
1099

0
0
0
15
15
15
15
30
30
30
30
30
30
30
30
30
30
50
50

0.5
0.7
1.0
0.3
0.3
0.5
0.7
0.2
0.2
0.2
0.3
0.3
0.3
0.5
0.5
0.5
0.5
0.2
0.2

14
14
14
10
14
14
14
14
17
20
14
17
20
10
14
17
20
14
17

444
461
480
377
421
444
461
407
451
512
421
478
560
421
444
523
478
407
451

91
83
77
310
256
265
293
411
415
445
424
442
490
256
504
541
736
624
633

5348
5348
5348
3039
2516
2093
1890
2007
1784
1632
1645
1427
1284
2516
1358
1136
977
1417
1179

0
0
0
60
67
71
73
130
143
163
134
152
178
67
141
166
254
216
239

334
334
334
151
334
334
334
334
534
844
334
534
844
151
334
534
844
334
534

6217
6226
6240
3937
3594
3207
3052
3289
3327
3596
3958
3033
3356
3411
2780
2901
3303
2998
3036

2.82
2.82
2.83
1. 78
1.63
1.45
1.38
1.49
1. 51
1.63
1.34
1.37
1.52
1.55
1.26
1.31
1.50
1.36
1. 38

11426
11434
11435
11436
11444
11445
11446
11514
11.524
11525
11526
11534
11535
11536
11544
11545
11546

0.801
0.778
0.817
0.843
0.787
0.827
0.854
0.565
0.804
0.840
0.865
0.816
0.850
0.875
0.747
0.788
0.815

1054
1304
1203
1144
1757
1598
1504
2099
1990
1853
1769
2452
2274
2160
4471
3959
3684

50
50
50
50
50
50
50
80
80
80
80
80
80
80
80
80
80

0.2
0.3
0.3
0.3
0.5
0.5
0.5
0.05
0.2
0.2
0.2
0.3
0.3
0.3
0.5
0.5
0.5

20
14
17
20
14
17
20
14
14
17
20
14
17
20
14
17
20

512
421
478
560
444
523
637
381
407
451
512
421
478
560
444
523
637

690
702
736
820
997
1068
1226
993
1007
1038
1126
1284
1352
1504
2462
2569
2912

1064
1187
977
839
1139
927
783
2325
1051
857
724
986
803
671
1356
1132
990

272
223
254
297
235
277
338
323
345
382
434
357
406
475
376
444
541

844
334
534
844
334
534
843
334
334
534
844
334
534
844
334
534
844

3381
2868
2979
3359
3149
3330
3828
4256
3144
3263
3640
3382
3574
4053
4972
5201
5924

1.53
1.30
1.35
1.52
1.43
1. 51
1. 73
1. 93
1.42
1.48
1.65
1.53
1. 62
1.84
2.25
2.36
2.68

TABLE

24-10

RELATIVE FUEL CosTs INCLUDING CHEMICAL PROCESSING
SINGLE FLUID LMFR

Assumed processing cycle= 3000 days

Case No.

Wo2

Initial
CR

11254
11334
11344
11345
11434
11435

15
30
30
30
50
50

0.65
0.69
0.75
0.79
0.78
0.82

V,/Vc

D(bare),
ft

Mo2, kg

0.7
0.3
0.5
0.5
0.3
0.3

14
14
14
17
14
17

11,640
21,268
22,407
26,407
35,447
40,275

M2s, kg

Chemical
processing
cost,
Cpxl0- 3 /yr

Other cost,
Crxl0- 3 /yr

Total costs,
10- 3 /yr

Total costs,
mills/kwh

413
597
709
762
989
1036

504
681
745
808
1000
1068

3052
2958
2780
2901
2868
2979

3556
3639
3525
3709
3868
4047

1. 61
1.65
1.60
1. 68
1. 75
1.83
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The neutron poisons due to fission products and higher uranium isotopes were calculated using the data by W. L. Robba et al. [4]. The xenon
poisoning (absorptions in Xe135 to absorptions in fuel) was held at 0.01
throughout life, and Sm 149 was allowed to reach steady state. The other
fission-product poisoning corresponds to poison data labeled "less Xe and
Sm with high cross sections except low Zr 93 ." Due to lack of information,
no resonance absorption by the fission products was considered. The
neutron flux averaged over the entire primary system volume was used in
all isotope and poison buildup computation, since this is a circulating fuel
reactor.
Fuel was added at frequent time intervals to maintain ketr ~ 1.01
(assuming 13 rod holddown). Thorium was added to the core with the
fuel to maintain a constant thorium loading.
Results of time study. The study was carried to 2000 days of full-power
operation. The mass of U 233 fuel and the buildup of Pa 2 aa are shown in
Fig. 24-29, and the buildup of fission product poisons (other than Xe 1a5
and Sm149 ) along with breeding ratio are graphed in Fig. 24-30. The fissionproduct poisons vary in an almost linear manner for burnups corresponding
to 2000 to 6000 days. Other calculations have indicated that extrapolations
(represented by dashed lines on Figs. 24-29 and 24~30) to 5840 days, the
expected life of the plant, are reasonable.
The quantities necessary to evaluate the chemical processing costs for
various processing cycles are average values of fuel mass and breeding ratio
(M 23, .Mia, and BR). The average value of M 13 is approximately the
steady-state value; M 2 a and BR are shown in Figs. 24-29 and 24-30.
Selection of chemical processing cycle. The fuel costs which are dependent
upon the chemical processing cycle are fuel inventory, fuel burnup, and
processing charges. These charges were computed using formulas similar
to those described in Article 24-4.4 but using data appropriate to U 233 fuel.
Equations giving costs in dollars per full power day are

+

Fuel inventory: C2 ($/day)= 2.143 (M 2a M13)
Fuel burnup: Ca ($/day)= 15,250 (1 - BR)
Chemical processing:
Gp ($/day)= 95.875 M; 2

+ 4795 M;~T) + 250TOOO + 596.

The results of these calculations are tabulated in Table 24-11 and
graphed in Fig. 24-31. This analysis indicates an economic optimum
processing cycle of approximately 4000 full-power days. However, only a
small penalty of slightly more than $200/day (less than 0.03 mills/kwh) is
incurred by operating the reactor for its complete life (5840 full-power days)
before sending the fuel to a chemical separations plant.
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TABLE

24-11

VARIABLE FUEL COST FOR AN

825-M w LMFR

For various processing cycles

Chem. proc.
M23(T)
cycle, days

6000
4000
2000
1000
500

780
725
671
635
603

-

M1a(T)

M2a(T)

Afi.a(T)

M*23(T)

BR(T)

30
30
30
30
30

730
675
623
595
578

30
30
30
30
30

760
705
653
625
608

0.722
0.755
0.787
0.807
0.820

Total variFuel invenFuel burnup Chem. proc.
tory charges,
able cost,
costs, $/day costs, $/day
$/day
$/day

1690
1510
1400
1340
1303

4240
3738
3230
2943
2746

1,627
2,101
3,575
6,184
16,467

7,557
7,349
8,105
10,470
15,500
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Control Rod Drive

Fuel Out

Grophite

FIG. 24-32. Single-region, externally cooled liquid metal fuel reactor.

Specifications of reference design. The single-region reactor design is illustrated in Fig. 24-32. The core is constructed of large blocks of high
density reimpregnated graphite, with 1.5- to 2.0-in.-diameter axial holes
for the passage of fuel slurry. The graphite is supported by a number of
compensated molybdenum rods and a bottom support plate. Provision is
made for three or four liquid metal control rods, if experience indicates
they are necessary.
The reactor vessel is constructed of 2i3 Cr-13 Mo steel, 2!- inches
thick, designed for a temperature of 1150°F and maximum pressure of
120 psi. Three 28-in.-diameter pipes carry the fluid into the reactor at the
bottom and leave at the top. The entire reactor vessel is doubly contained
by a relatively thin-walled containment vessel. A drain line to the fuel
dump tanks is also provided. The free space above the reactor core is used
as the degasser to remove volatile fission products. The reference core
design has the following specifications:

24--4]
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Power:

825Mw
315,000 kw
38.23

Thermal power
Net electrical power
Station efficiency

Materials:

u233
Thorium
High-density graphite
High-density graphite
U02-Th02-Bi Slurry
0.5
30 g/kg Bi

Fuel
Fertile material
Moderator
Reflector
Coolant
Coolant-to-moderator ratio, V./Vc
Thorium concentration, W 0 2

Geometry:

Core radius
Core height
Reflector thickness
Number of primary coolant loops
Fuel-slurry volume:
Coolant loops
1640 ft 3
Reactor core
443
Reactor vessel
600
Total

5.5 ft
14.0 ft
1.5 ft
3

2683 ft 3

Chemical processing cycle

4000 days

Nuclear data:

Mass U 233
Mass Pa 233
Mass 233
Initial average core thermal flux
Breeding ratio
Poison fraction
Mass of bismuth
Mass of thorium

Startup
546 kg
0
546

0.87
0
1,646,000 lb
22,400 kg

4000 days
725 kg
30
755

0.725
0.216

Average
675 kg
30
705
3 x 1Q14
0.75

920
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ECONOMICS

Economic considerations were essential to the optimization studies required to establish the reference designs presented in Sections 24-2 and
24-4. An important objective of this study is the economic comparison
of energy costs for the single-fluid and the two-fluid externally cooled
LMFR. A brief summary of energy costs for the optimum design in each
concept is presented in Table 24-12.
TABLE
ENERGY CosT

24-12

(803

PLANT FACTOR)

Mills/kwh

Fixed charges on total capital investment
Nuclear fuel and inventory costs
Maintenance
Operation
Interest on working capital
Total energy cost, mills/kwh

Single-fluid
LMFR

Two-fluid
LMFR

4.09
1.24
1.18
0.38
0.04
6.9

4.31
1.41
1.05
0.38
0.04
7.2

24-5.1 Fixed charges on capital investment. Direct construction costs.
The estimated costs of equipment, installation of equipment, and construction are based on the plant layouts for the two reference designs evaluated in this study. Construction and erection costs of all items, as well as
direct materials costs for those components manufactured by the Babcock
& Wilcox Company, were developed by B&W estimators. Delivered costs
of equipment supplied by manufacturers other than B& W were taken from
vendors' quotations.
A summary of direct construction costs for each reference design is
tabulated in Tables 24-13 and 24-14.
Total capital investment. The total capital investments are summarized
according to account numbers in Tables 24-15 and 24-16.
24-5.2 Maintenance and operation. In computing energy costs, the
fixed charges on maintenance equipment and spare parts are included in
the maintenance costs, while fixed charges on buildings used for maintenance are included in fixed charges on capital investment.
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24-5.3 Fuel costs. The fuel costs as presented in this report include
(1) bismuth inventory, (2) fuel inventory, (3) fuel burnup, (4) thorium
inventory, (5) thorium burnup, and (6) chemical processing. Sodium inventory is not included, since it is used as coolant fluid for the intermediate system and does not contain fuel. Fuel costs are summarized in
Table 24-17.
24-5.4 Summary of energy costs. The energy costs in mills/kwh, based
upon an electric output of 315,000 kw and a plant factor of 80%, are
tabulated in Table 24-18 for various categories.

TABLE

24-13

SUMMARY OF DIRECT CONSTRUCTION COSTS FOR SINGLE-FLUID LMFR

Account
no.
310

311

312

Direct
labor
Land and land rights
Direct site
Structures and improvements
Improvements and miscellaneous structures
Nuclear steam generator building
Accessory buildings
Total
Nuclear Steam Generator and Chemical
Plant Equipment
Reactor
Primary and blanket system
Blanket system
Intermediate system
Steam system
Primary inert gas system (He)
Intermediate gas system (N 2)
Reactor heating and cooling system
Dump tank heating and cooling systems
Primary system capsule area ventilating system
Primary system reactor cell cooling system
Shield cooling system

Direct
materials

Direct
construction
cost

$500,000

$500,000

$78,000
2,981,000
51,000
3,110,000

126,000
3,535,000
84,000
3,745,000

204,000
6,516,000
135,000
6,855,000

60,000
309,000

2,028,000
1,470,000

2,088,000
1,779,000

279,000
125,000
5,000
6,000
21,000
100,000
1,000
3,000
18,000

2,778,000
1,629,000
22,000
24,000
84,000
149,000
2,000
3,000
21,000

3,057,000
1,754,000
27,000
30,000
105,000
2~9,000

3,000
6,000
39,000

Water cooling system
Offgas system
Feedwater heating system
Instrumentation and controls
Spare parts
Miscellaneous equipment
Inventories
Chemical plant equipment
Total

156,000
2,416,000

7,000
50,000
2,541,000
1,236,000
2,666,000
588,000
4,680,000
403,000
20,381,000

10,000
70,000
2,827,000
1,835,000
2,776,000
903,000
4,680,000
559,000
22,797,000

Turbine Generator Equipment
Turbine and condensing

828,000

13,382,000

14,210,000

315

Accessory electrical equipment

400,000

2,484,000

2,884,000

316

Miscellaneous power plant equipment
Transmission structures
Maintenance equipment
Total

50,000
172,000
222,000

130,000
2,921,000
3,051,000

180,000
3,093,000
3,273,000

Station equipment

189,000

1,246,000

1,435,000

314

3,000
20,000
286,000
599;000
110,000
315,000

t

"'

L......./

t'J

0

342-343

Total Direct Construction Cost

0

$51,954,000

z

0

:::::
.....

0

[fl

TABLE

24-14

SUMMARY OF DIRECT CoNSTRUCTION CosTs ·FoR Two-FLUID LMFR

Account
no.
310

311

312

Direct
labor

Land and land rights
Direct site
Structures and improvements
Improvements and miscellaneous structures
Nuclear steam generator building
Accessory buildings
Total
Steam generator and chemical plant equipment
Reactor
Primary and blanket system
Intermediate system
Steam system
Primary inert gas system (He)
Intermediate gas system (N 2)
Reactor heating and cooling system
Dump tank heating and cooling systems
Primary system capsule area ventilating system
Primary system reactor cell cooling system
Shield cooling system

Direct
materials

Direct
cost
construction

$500,000

$500,000

$78,000
3,184,000
51,000
3,313,000

126,000
4,035,000
84,000
4,245,000

204,000
7,219,000
135,000
7,558,000

50,000
436,000
295,000
250,000
8,000
8,000
21,000
100,000
1,000
3,000
18,000

1,531,000
1,788,000
3,365,000
1,949,000
34,000
40,000
84,000
149,000
2,000
3,000
21,000

1,581,000
2,224,000
3,660,000
2,199,000
42,000
48,000
105,000
249,000
3,000
6,000
39,000

540,000
3,153,000

7,000
50,000
2,546,000
1,547,000
2,000,000
564,000
4,289,000
1,461,000
21,430,000

10,000
70,000
2,836,000
2,312,000
2,072,000
837,000
4,289,000
2,001,000
24,583,000

Turbine and condensers

828,000

13,382,000

14,210,000

Accessory electrical equipment

401,000

2,503,000

2,904,000

Water cooling system
Offgas system
Feedwater heating system
Instrumentation and controls
Spare parts
Miscellaneous equipment and inventories
Inventories
Chemical plant equipment
Total
314

3,000
20,000
290,000
765,000
72,000
273,000

t

~

Turbine generator equipment
i:'l

315

("'.)

0

z

0

316

Miscellaneous power plant equipment
Transmission structure
Maintenance equipment
Total

342-343

is:
....

Station equipment
Total Direct Construction Cost

("'.)

50,000
173,000
223,000

130,000
2,274,000
2,404,000

180,000
2,447,000
2,627,000

189,000

1,246,000

1,435,000

$8,107,000

$45,710,000

$53,817,000

r:tJ

TABLE

24-15

SUMMARY OF CAPITAL iNVESTMENT FOR SINGLE-FLUID LMFR

Direct
construction
costs

Account
no.

Contingency

Miscellaneous
charges*

Total capital
investment

310

Land and land rights

$500,000

$0

$0

$500,000

311

Structures and improvements
Nuclear and turbogenerator plant
Chemical plant

6,697,000
158,000

1,479,000
34,000

3,158,000
71,000

11,334,000
263,000

Nuclear steam generating and chemical
plant equipment
Nuclear plant equipment
Chemical plant equipment
Spare parts
Inventories

14,782,000
559,000
2,776,000
4,680,000

2,733,000
112,000
479,000
0

3,436,000
188,000
418,000
0

20,951,000
859,000
3,673,000
4,680,000

314

Turbine generator equipment

14,210,000

2,483,000

2,346,000

19,039,000

315

Accessory electrical equipment

2,884,000

531,000

655,000

4,070,000

316

Miscellaneous power plant equipment
Transmission structures
Maintenance equipment

180,000
3,093,000

36,000
539,000

61,000
505,000

277,000
4,137,000

Station equipment

1,435,000

263,000

318,000

2,016,000

$51,954,000

$8,689,000

$11,156,000

$71,799,000

312

342-343

Total

*Includes indirect construction cost, interest, and engineering charges.

TABLE

24-16

SUMMARY OF CAPITAL INVESTMENT FOR Two-FLUID LMFR

Direct
construction
costs

Account
no.

Contingency

Miscellaneous
charges

Total capital
investment

310

Land and land rights

$500,000

$0

$0

$500,000

311

Structures and improvements
Nuclear and turbogenerator plant
Chemical plant

7,010,000
548,000

1,538,000
119,000

3,223,000
247,000

11,771,000
914,000
t'l

312

0

Nuclear steam generating and chemical
plant equipment
Nuclear plant equipment
Chemical plant equipment
Spare parts
Inventories

16,221,000
2,001,000
2,072,000
4,289,000

2,930,000
401,000
360,000

3,915,000
658,000
301,000

23,066,000
3,060,000
2,733,000
4,289,000

314

Turbine generator equipment

14,210,000

2,483,000

2,346,000

19,039,000

315

Accessory electrical equipment

2,904,000

534,000

659,000

4,097,000

316

Miscellaneous power plant equipment
Transmission structures
Maintenance equipment

180,000
2,447,000

36,000
432,000

61,000
427,000

277,000
3,306,000

Station equipment

1,435,000

263,000

318,000

2,016,000

$53,817 ,000

$9,096,000

$12,155,000

$75,068,000

342-343

Total

0

z

0

is:
...,

0

[fl

TABLE

24-17

SUMMARY OF FUEL COSTS

315 Mw (elec.); plant factor= 80%
Capital investment

Annual cost, $/yr

Energy cost, mills/kwh

Item

Bismuth inventory
Fuel inventory
Fuel burnup
Thorium inventory
Thorium burnup
Chemical processing:
Offsite processing
Buildings
Equipment
Operating costs
Shipping charges
Thorium inventory
Fuel inventory
Fuel depreciation
Total

Single-fluid

Two-fluid

Single-fluid

Two-fluid

Single-fluid

Two-fluid

$3,704,000

$3,090,000

941,000

1,171,000

$444,000
455,000
1,091,000
141,000
9,000

$371,000
396,000
627,000
176,000
10,000

0.201
0.206
0.494
0.064
0.004

0.168
0.179
0.284
0.080
0.005

263,000
859,000

941,000
3,060,000

$5,767,000

$8,262,000

144,000
35,000
116,000
18,000
6,000
13,000
44,000
222,000
$2,744,000

127,000
744,000
530,000

124,000
$3,105,000

0.063
0.016
0.053
0.008
0.002
0.006
0.020
0.101
-1.24

0.058
0.337
0.240

0.056

DI
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TABLE 24-18
UNIT ENERGY COSTS

Cost, mills/kwh
Item

Land and land rights
Structures and improvements (less chemical
processing facilities)
Equipment (less maintenance equipment and
spares):
Reactor vessel and internals
Primary and blanket system
Intermediate system
Feedwater heating system
Instrumentation and controls
Miscellaneous equipment and Na inventory
Auxiliary systems
Station equipment
Accessory electric equipment
Turbine generator equipment
Miscellaneous power plant equipment
Fuel costs (includes chemical processing facilities)
Plant operation
Maintenance (includes maintenance equipment and spares)
Interest on working capital
Total

Single-fluid

Two-fluid

0.03

0.03

0.69

0.72

0.19
0.21
0.36
0.26
0.29
0.11
0.22
0.14
0.28
1.29
0.02

0.14
0.27
0.44
0.27
0.36
0.10
0.27
0.14
0.28
1.29
0.02

1.24
0.38

1.41
0.38

1.18
0.04
-6.93

1.05
0.04
-7.21
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CHAPTER 25
ADDITIONAL LIQUID METAL REACTORS
In this chapter three other types of Liquid Metal Fuel Reactors will be
discussed. The first of these is the Liquid Metal Fuel Gas-Cooled Reactor.
In principle this reactor is similar to the LMFR previously discussed, but
it has many features that are different; for example, it has a noncirculating
fuel, and the heat is removed by cooling with helium under pressure.
Advantages and disadvantages of this design over the circulating fuel
LMFR will be discussed in the following pages.
The second reactor discussed in this chapter is the LAMPRE. This is a
molten plutonium fueled reactor which is under development at the Los
Alamos Scientific Laboratory. Although only in its beginning stages of development, it is conceived as a high temperature (650°C) fast breeder reactor utilizing plutonium as the fuel.
The third type of reactor is based on a liquid metal-U02 slurry fuel.

25-1.

LIQUID METAL FuEL GAs-OooLED REACTOR*

25-1.1 Introduction and objectives of concept. The Liquid Metal Fuel
Gas-Cooled Reactor (LMF-GCR) design is unique in that it combines
inert gas cooling with the advantageous liquid fuel approach. The LMFGCR concept has a high degree of design flexibility. It is a high-temperature, high-efficiency system that may be designed as a thermal converter,
uranium thermal breeder, or plutonium fast breeder; that may produce
heat, electric energy, or propulsive power; and that may power either a
steam or a gas turbine.
The fundamental principle of the LMF-GCR is the utilization of an
internally cooled fixed moderator-heat exchanger element with fluid fuel
center. The fuel is circulated slowly through the core to assure proper
mixing and to facilitate fuel addition. The core is cooled by gas that is
pumped through it in passages that are separated by a suitable hightemperature material from the fuel channels. The many well-known
advantages of fluid fuels are thereby gained without the penalties of
circulating great quantities of corrosive, highly radioactive fuel-coolant
solution and of tying up large amounts of expensive fuel outside the core.
*American Nuclear Power Associates: Raytheon Manufacturing Co., Waltham,
Mass.; Burns and Roe, Inc., New York City; The Griscom-Russell Co., Massillon,
Ohio; Clark Bros. Co., Olean, New York; Orange and Rockland Utilities, Inc.,
Nyack, New York. Reference design by Raytheon Manufacturing Co. This section is based largely on contributions from W. A. Robba, Raytheon Manufacturing Co.
930
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25-1.2 Reference design characteristics of an LMF-GCR. Materials.
Internal gas cooling avoids the corrosion and material problems encountered in reactor concepts that require the circulation of liquid fuels or
coolants as a heat-transport medium. Helium has been selected as the
gas coolant because it is inert and has better heat-transfer properties than
other inert gases. Graphite has been chosen for the moderator and core
element structural material in a thermal reactor, because of its excellent
moderating and high-temperature properties. Its resistance to corrosion
by bismuth has been fairly well established, and the operating temperature
is high enough so that energy storage in the graphite should not be a
problem.
Reference design. A reference design of an LMF-GCR nuclear power
station has been produced. A summary of the design parameters is given
in Table 25-1. It is a graphite-moderated thermal reactor employing highly
enriched uranium-bismuth fuel and helium coolant. The coolant leaves the
core at 1300°F and is circulated through a superheater and steam generator,
where it produces steam at 850 psig, 900°F. Since it is inherently selfregulating, has little excess reactivity, and is cooled by inert helium, it is
extremely safe.
In order that the capital cost of the first plant be low, the reference
design is for a small plant producing approximately 16,000 kw net electrical
output. However, it is large enough to demonstrate the practicability of
an LMF-GCR and provide operational experience applicable to commercial-size plants. By assuming the feasibility of constructing a 13-ft
diameter pressure vessel for a design pressure of 1000 psi, it appears possible
to design a gas-cooled reactor plant having an electrical capacity of 240
Mw.
A U 235-fueled thermal reactor was chosen for the design because it will
demonstrate the practicability of the LMF-GCR concept in a relatively
simple reactor. A breeder is more complicated because it requires two
similar systems for fuel and blanket solutions.
The reactor building and the general arrangement of components as
conceived in the reference design are shown in Fig. 25-1. The reactor,
primary coolant system, fuel system, and steam generator are enclosed in
a gastight steel containment shell.
The reactor core, reflector, internal fuel and gas piping, and pressure
vessel are shown in Fig. 25-2. The core, consisting of an array of graphite
elements, has an active length of 56 in. and a cross section approximating
a circle of 56-in. diameter. Fig 25-3 is a picture of a sample section of the
core element. The larger rectangular holes are vertical fuel channels that
would be 56 in. long in the reactor. The small crosswise slots are for helium
coolant flow. This graphite element, which separates the two fluids, is
similar to a heat exchanger that conducts heat from the fuel to the gas
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Steam Plant
Building

Frn. 25-1. Artist's concept of LMF-GCR nuclear power station.

channel surface, where it is removed by convection into the coolant stream.
The principal problem associated with the LMF-GCR is the development
of an impervious graphite core material that will prevent significant leakage
of bismuth or fission-product gases into the coolant stream, or of helium
into the fuel.
The machining operations required to produce the core section of the
element have been demonstrated to be feasible. The reflector is made up of
various machined graphite shapes. The fuel piping completes the core and
the reactor assembly.
By volume, the core region is approximately 653 graphite, 253 fuel,
and 103 void space for coolant. The fuel solution contains fully enriched
uranium dissolved in bismuth. With these proportions of fuel and moderator, the minimum critical dimensions as calculated for a cylindrical reactor are height and diameter of approximately 42 in. For this application,
a larger core size is required in order to have sufficient heat-transfer area.
Since the graphite core elements are a permanent part of the reactor and
are not changed in routine refueling procedure, it is not required that they
be interchangeable. A considerable amount of design flexibility is thereby
achieved, and variations of the fuel channel, moderator, and gas channel
geometry provide control over the nuclear and heat processes.
For the reactor described above, it is calculated that 900 atomic parts
of U 235 per million parts of bismuth are necessary for criticality, if there is
no poisoning of the reactor. However, if the effect of xenon and samarium
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B

Broken-Out
Section CC

Fm. 25-2. Reactor and pressure vessel assembly.

equilibrium poisoning is included, 1010 ppm of U 235 will be required for
criticality.
The buildup of fission products and uranium isotopes as a function of
time was calculated to determine the fuel concentration necessary for
criticality after various time periods of operation. Since the solubility of
uranium in bismuth is limited to 6560 ppm at 965°F, the lowest fuel temperature in the LMF-GCR, the reactor fuel must be replaced or processed
after the poisons build up to such a level that this solubility limit is exceeded
by criticality requirements. With the total fuel inventory in the system
equal to 1.2 times the fuel in the core, the fuel lifetime will be 220 megawattyears. This corresponds to an operating period of 4.8 years w:ith a plant
utilization factor of 80%.
At the end of the fuel lifetime, the fuel solution will contain 3370 ppm
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FIG. 25-3. Model section of nuclear core element for LMF-GCR liquid metal
fuel gas-cooled reactor.
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of U 235 , 1960 ppm of U 236 , and 1230 ppm of U 238 , which make up the 6560
ppm of uranium allowed by the solubility limit.
In producing the 220 Mw-yr of heat, 98.7 kg of U 235 will be either fissioned or transmuted into U 236 . Since 23.8 kg of U 235 remain in the reactor
at the end of fuel lifetime, approximately 80% of the total amount of U 235
added to the reactor during its operation will have been "burned."
The systems required in the plant are shown by the flowsheet of Fig. 25-4.
The heat is removed from the reactor by helium at 500 psia, which leaves
the reactor at 1300°F and returns at 900°F. This heat is removed from the
helium in a steam generator that produces superheated steam at 850 psig,
900°F. The steam is utilized by a standard turbine generator plant.
A steam-cycle generating plant was incorporated, since it is highly developed. A closed-cycle gas turbine, the most probable alternative, has
not yet been developed sufficiently for general utility application, but may
be advantageously combined with the LMF-GCR at some later time. In
such a system, the reactor coolant would serve also as the cycle working
fluid, eliminating the intermediate heat exchanger.
Although the reference LMF-GCR is envisioned as a high-enrichment
reactor, it is possible, by changing the parameters, to use fuel of only 20%
enrichment. This low-enrichment reactor would have the advantage of
producing a sizeable fraction of its own fuel by creating Pu 239 through
neutron absorption in u23s.
Parametric calculations of low-enrichment reactors have been made
using a two-group, two-region spherical geometry computer code developed
for the IBM 650 digital computer. The results show that to have a fuel
lifetime long enough (about 1 yr) to be of practical value, the dimensions of
the reactor core should be equivalent to a sphere at least 6 ft in diameter.

25-1.3 Fuel and fuel system. Fuel system. The fuel system is completely
separate from the heat-removal system. The main fuel loop flow rate is
approximately 2 to 4 gpm, which is sufficient to provide for uranium makeup
and for gas separation in the degasser.
Fuel flows upward through the reactor core and into the degasser. From
there, the flow goes down into the sump tank and back into the reactor
inlet. The fuel is pumped electromagnetically and flow is measured by an
orifice or an electromagnetic flow meter.
The sump tank acts as a receiver for all the fuel in the loop when the
core is to be drained. To keep the sump tank nearly empty during operation,
the pressure differential between the helium cover gas in the sump tank
and the degasser must be kept equal to the bismuth static head. The
fuel is automatically drained into the sump tank when the pump is deenergized and the two cover gas lines are connected together. Thus there
are no valves in the primary fuel loop which must be operated in order to
drain the reactor.
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25-1

SUMMARY OF DESIGN PARAMETERS

Over-all plant performance

Reactor core thermal power
Helium blower power
Net electric power generated
Plant efficiency

57,000kw
5,530 kw
16,470 kw
28.9%

Thermal data on reactor at full power

Helium pressure
Coolant inlet temperature
Coolant exit temperature
Coolant flow rate
Coolant velocity in core
Number of flow passes
Average thermal power density
Peak thermal power density
Peak to average heat flux ratio (average over life)
Design heat output
Maximum graphite temperature
Maximum fuel temperature
t:.P IP through reactor

500 psia
900°F
1300°F
389,000 lb/hr
:::<560 fps
1

0. 714 Mw/fta
:::<0.922Mw/ft3
:::<1.29
1. 94 x 10s Btu/hr
1650°F
1755°F
4.3%

Steam plant data

Pressure
Temperature
Flow rate
Number of extractions
Turbine heat rate
Condenser pressure
Turbine speed
Gross turbine output

850 psig
900°F
188,300 lb/hr
4
9,645 Btu/kwh
1.5 in. Hg
3600 rpm
22,000 kw

Pressure vessel

Material
Outside diameter
Thickness
Over-all length
Weight
Type of closure
Insulation

Stainless steel
94 in.
2in.
123 in.
30,000 lb.
Bolted
4 in. of diatomaceous earth

Core

Neutron energy
Fuel, clean

Fuel lifetime

Thermal
900 ppm of U 235
93.5% enriched U in Bi
220 Mw-yr
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TABLE 25--1 (continued)
Reprocessing interval (0.8 plant factor)
Fuel burnup
Moderator
Bismuth in core
Bismuth volume fraction
Graphite volume fraction
Void (helium) fraction
Average core radius
Core height
Core volume
Power
Specific power, average over fuel lifetime
Power density (based on core volume in liters)
Average thermal flux (clean)
Average thermal flux (average over life)
Average fast flux (clean)
Average moderator temperature
Temperature coefficient, average over fuel lifetime
Critical mass (clean, enriched U)
Critical mass (xenon at equilibrium, enriched U)
Inventory (xenon at equilibrium, enriched U)
Inventory volume= 1.2 core volume of bismuth
U 2 3 5 in system at end of fuel lifetime
Reflector
Reflector thickness
Reflector void fraction

4.8yr
80% of U 235
I. 9 g/cc graphite
11,400 lb
25%
65%
10%
28 in.
56 in.
79.8 ft 3
57Mw
~3700 kw/kg
25 . 2 kw/liter

x 1014
~3 x IQ14
~6 x IQ14

5. 9

800°C
~o.5

x 10- 4 ok/°C

5.6kg
6.3kg
7.6kg
24 ft 3
23.8 kg
I. 9 g/cc graphite
I. 5 ft
5%

Fuel. Uranium makeup is added to the fuel solution on a day-to-day
basis, thus keeping excess reactivity to a minimum. The operating lifetime
'Of the fuel is nearly 5 yr at full power and 80% plant utilization factor. Fuel
burnup may be as much as 80%, and total U 235 inventory varies from
about 7 kg at the beginning of fuel life to about 24 kg at the end of fuel life.
The LMF-GCR tends to be self-regulating. Under the influence of its
negative temperature coefficient, the reactor will tend to operate at the
same average moderator temperature at all power levels. This temperature
will be maintained by controlling the uranium fuel solution concentration.
Spent fuel. After 4 to 5 yr, nonvolatile fission-product poisons and nonfissionable isotopes of uranium accumulate to such an extent that a new
fuel charge is required. The used fuel is drained into the spent fuel tank and
the reactor fuel loop is then ready to receive a new fuel charge. The spent
fuel is transferred into a number of small, shielded shipping tanks for shipment to a chemical processing plant.

938

ADDITIONAL LIQUID METAL REACTORS

[CHAP.

25

25-1.4 Reactor materials. The critical problem associated with the
LMF-GCR is the development of a core element. As a basic core element
material graphite is extremely attractive because it is a very good moderator, possesses excellent high-temperature strength, has unexcelled resistance to thermal shock, is not attacked by bismuth, has a low neutron
absorption cross section, possesses a satisfactorily high thermal conductivity, and shows evidence that radiation damage is rapidly annealed at
high temperature. Presently available graphite is not impermeable to bismuth or gases, as the core element material of the LMF-GCR must be in
order to separate the fuel and coolant satisfactorily. However, recent developments indicate a chance for success in this area.
The other aspect of core element development is to find a suitable means
for joining the graphite to the upper and lower fuel system headers. The
graphite-to-metal bond must have adequate mechanical strength and be
resistant to corrosion, thermal cycling, and radiation damage. Bonds of
this type have been prepared by means of high-temperature brazing techniques, and the work has shown that numerous additional bonding agents
are available. Preliminary work is encouraging and indicates that with
improvements in bond design, bond techniques, and test methods, solutions
to the bonding problem may be achieved.
Alternate materials as the basic core element structural material are
under investigation as a backup to the graphite development. These
include KT silicon carbide, molybdenum, molybdenum carbide, niobium,
niobium carbide, zirconium carbide, tantalum, and tantalum carbide, all
of which have properties indicating promise for LMF-GCR application.
25-1.5 Plant operation and maintenance. The LMF-GCR is primarily
self-regulating, having a temperature coefficient of approximately -0.5 X
10- 4 /°C. Large changes in power output are controlled by varying coolant
flow rate while keeping the gas temperatures approximately constant.
Coolant flow rate will be varied by controlling the helium blower speed, and
by changing the coolant gas density (pressure) with the compressor and
accumulator system.
The main plant and reactor control room will be outside the reactor
containment shell in the steam plant generator building. A full thickness
of shielding wall separates the boiler and blower compartments from the
reactor, and operating personnel will be able to conduct maintenance and
inspection of these items while the reactor is in operation. This wall is
penetrated by the concentric piping which carries the primary gas into and
out of the reactor. To attenuate radiation streaming through the pipe, a
turn is made within the shield.
The core and pressure vessel assembly have been designed so that the
core, and also the reflector if necessary, may be replaced in the event of a
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failure. During operation, the core and reflector are supported at the bottom of the pressure vessel. However, the core assembly is attached to the
pressure vessel head so that the two will be lifted together when the head
is removed. The reflector is also constructed with a metal support structure
so that it can be lifted out of the pressure vessel as a unit.
The fuel loop components and piping are arranged so that maintenance
can be carried out in a safe and reliable manner. Since the parts are relatively inexpensive, it will probably be cheaper to replace than repair them.
25-1.6 Plant capital and power cost. For a 16,000-kw (electrical) LMFGCR plant, the cost of power, at an 80% plant utilization factor, is estimated at 14.6 mills/kwh, made up of 8.6 mills/kwh for fixed charges,
2.7 mills/kwh for operation and maintenance, and 3.3 mills/kwh for fuel.
The total power cost using a 60% plant utilization factor is 18.4 mills/kwh.
A fixed charge rate of 15% was used.
The capital cost for a 16,000-kw LMF-GCR nuclear plant has been
estimated at $409/kw of installed capacity. These cost figures are based
on estimates for the important equipment in the plant, and on recent AEC
fuel prices.
25-2. MOLTEN PLUTONIUM FUEL REACTOR*
25-2.1 Introduction. The long-range utility of nuclear power based on
uranium fission depends upon the development of a plutonium-fueled
reactor capable of being refueled by an integral, or associated, breeding
cycle. If full utilization of the energy content in the world's supply of
uranium is to be accomplished, the more abundant U 238 must be converted
into the easily fissionable isotopes of plutonium. The need for this full
utilization is apparent when it is realized that the economically recoverable
U 235 content of uranium ores [1,2] is sufficient to supply projected world
power requirements for only a few decades. Breeding on the plutonium
cycle extends fission power capabilities by a factor of 140, yielding thous'lnds, instead of tens, of years of world energy reserves.
The high values of the capture-to-fission ratio at thermal and epithermal
neutron energies for the plutonium isotopes preclude these types of reactors
from an integral plutonium breeding cycle system. To obtain an appreciable breeding gain, a plutonium-fueled reactor must be either a fast or a
fast-intermediate neutron spectrum device where breeding ratios of the
order of 1. 7 may be expected from suitably designed systems. One of the
power-producing reactors of the future must logically be a fast plutonium
breeder.
*This section is based largely on material from Los Alamos Scientific Laboratory,
LA2112, R. M. Kiehn.

940

ADDITIONAL LIQUID METAL REACTORS

(CHAP.

25

In order to maintain a fast-neutron spectrum, fuel densities in a plutonium breeder will be high, and coolants must be either molten metals or
salts. The latter characteristic will permit large amounts of power to be
extracted from relatively small volumes, thus obtaining a large specific
power. Hydrogenous and organic coolants are eliminated because of their
attendant neutron moderation properties, high vapor pressures at high
temperatures, and relatively poor resistance to radiation damage. For
efficiency reasons the system temperature should be as high as is compatible
with a long operating life. Therefore, to be in step with modern electrical
generation techniques, this would imply coolant outlet temperatures of the
order of 650°C.

25-2.2 Basic components. Before discussing the Los Alamos Molten
Plutonium Reactor (LAMPRE) proposal in detail, the following resume
will treat some of the possibilities for the three basic components of a
power reactor: the fuel, the container, and the coolant.
Molten plutonium fuels. Plutonium metal melts at 640°C, a temperature
that is somewhat high, but not beyond the bounds of utility. Fortunately,
some alloys of plutonium have significantly lower melting temperatures.
Specifically, eutectic alloys of plutonium with iron, nickel, and cobalt
all have melting temperatures in the vicinity of 400 to 450°C. Ternary
and quaternary alloying agents will further lower these melting temperatures by a few percent. One characteristic of these transition metal alloys
is that they do not dilute the fuel volumetrically to a great extent in their
eutectic compositions.
Other alloys of plutonium which are more dilute in fuel and have not
too unreasonable melting temperatures are the magnesium-plutonium and
bismuth-plutonium alloys. The spatial dilution of fuel atoms alleviates the
high power density problem but, unfortunately, these alloys have melting
temperatures significantly higher than the transition metal alloys.
A compilation of the interesting fuel alloys, their melting points, and
eutectic compositions appears in Table 25-2.
Container materials. A material capable of being fabricated into various
shapes and resistant to high-temperature corrosion by the fuel alloy is a
necessity if practical use is to be made of the low melting temperature
plutonium alloys. Since the transition metals readily form low melting
point alloys with plutonium, the normal constructional materials, steels
and nickel alloys, are eliminated.
The next alternatives, the refractory metals, have been used with measurable success to contain the various alloys of plutonium. Tungsten and
tantalum have been somewhat better containers than molybdenum and
niobium and much better than chromium, vanadium, and titanium. The
requirement of fabricability eliminates several of the refractory metals, such
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as tungsten and molybdenum, because of the poor state of their peculiar
welding art.
The limitations of metallurgical knowledge at present lead to the conclusion that tantalum will be one of the best container materials for these
plutonium alloys. The high-temperature strength properties and the heattransfer properties of tantalum are excellent; moreover, it is weldable. The
parasitic capture cross section of tantalum would be intolerable in an
epithermal or thermal power breeder reactor and, although relatively
large in a fast spectrum, its effect on neutron economy in a fast reactor can
be made small, if not minor, by careful design.
Dynamic corrosion tests indicate that tantalum's resistance to corrosion
by molten sodium, a possible coolant, will be adequate. Long-term static
corrosion tests (9000 hr at 650°C) indicate that the fuel is compatible with
tantalum at proposed operating temperatures.
Coolant. The desire to obtain a high power density at high temperatures
and low pressures in a high radiation field dictates the use of molten metal
or salt coolant. The list of possibilities is topped by sodium and bismuth.
A few words about the properties of these coolants are probably appropriate at this point.
Sodium is advantageous because of its low melting point, good heattransfer properties, low pumping power requirement, and because there
has been considerable engineering experience with it. Its poor long-term
corrosion properties when in contact with the better container materials
such as tantalum and its explosive burning property when exposed to water
or moist air are distinct disadvantages.
Bismuth, on the other hand, does not react explosively with water, nor
does it burn in air. Pumping power requirements some five times larger
than for sodium, its higher melting temperature, and the polonium buildup
problems are disadvantageous factors of a bismuth coolant. However,
TABLE

25-2

FUEL ALLOYS

Alloy

Eutectic
composition,
a/o

Melting
point,

Approximate
density,
g/cc

Pu-Fe
Pu-Co
Pu-Ni
Pu-Mg
Pu-Bi

9.5 Fe
10 Co
12.5 Ni
85 Mg
N oneutectic

410
405
465
552
271-900

16.8
16
16
3.4

oc
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the corrosion resistance of tantalum in dynamic, high-temperature bismuth is excellent, according to the Ames experiments [3].

25-2.3 LAMPRE. A first step in solving the plutonium power reactor
problem is to prove the feasibility of operating and maintaining a molten
plutonium power reactor core. To this end, the reactor assembly known as
LAMPRE I has been devised. The LAMPRE system has the following
essential features:
Fuel alloy:

Molten plutonium-iron
(eutectic composition, 9.5 a/O Fe)

Container:

Tantalum

Reflector:

Steel

Shield:

Graphite, iron, concrete

Coolant:

Sodium

Power:

1 Mw heat

Heat transfer:

Internally cooled core
Tube-shell
Heat exchanger
Heat rejected to air

Breeding

No breeding blanket

Core. The LAMPRE core consists of three parts: fuel alloy, container,
and coolant. A proposed design, described in detail below, yields a structure which is approximately 503 by volume fuel alloy, 153 structure, and
353 coolant. The minimum tube separation is slightly under 1/16 in.
At reasonable heat-transfer rates, this configuration is capable of developing a specific power of better than 250 watts/g. More efficient systems can
utilize a similar structure but must dilute the fuel volumetrically to obtain a larger heat-transfer surface per unit of contained fuel. The larger
area-to-volume ratio can be obtained by going to smaller diameter tubes
and/or closer spacing of the tube array. In the tube-shell arrangement,
the fuel is located on the outside of the tubes and the coolant flows through
the tubes. Such a scheme preserves the volumetric integrity of the fuel.
Other radiator-type schemes, which also preserve fuel integrity, are
conceivable.
The over-all assembly will be designed so that the core will be completely
filled during operating conditions. The estimated core height is 6.5 in.
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Tantalum expansion, filling, and draining tubes will be attached to the
core structure. A reference core assembly would be:
Container

Tantalum

Tubes (547)

3/16-in. OD, 0.015-in. wall,
hexagonal array

Cage shape

Right cylinder,
6.25-in. OD, 6.5-in. height

Headers and shell

0.040 to 0.080 in.

Critical mass

26 kg plutonium alloy

Reflector. No attempt to breed will be carried out in the first LAMPRE
concept. Although the over-all coolant container will be made of stainless
steel, the fast-neutron reflector will be made of steel and will be cooled
by the main sodium stream. The thickness of the radial steel reflector will
be adjusted to be thin enough, neutronwise, to obtain adequate external
reflector control, but will be too thick to allow the thermalized neutrons
returning from the graphite shield to build up a power spike at the core
surface. The core, although slightly coupled to the reflector and shield, will
have a mean fission energy greater than 500 kev, ensuring a high possible
breeding gain. The top and bottom stainless-steel reflector slugs will also
be sodium-cooled and will be essentially "infinitely" thick to fast neutrons.
The coolant channels will be drilled or machined into solid slug or disk
castings.
Control. The control of LAMPRE will be effected by reflector-type
mechanisms. An annular shim control displacing the innermost 4 in. of
shield with aluminum will be used as a coarse criticality adjustment
mechanism. Several replacement cylinders, replacing the inner portions
of aluminum with void, will be used as fine controls. A rotating control
cylinder will be built into the system in anticipation of safety and neutron
kinetics experiments.
The radial thickness of the steel fast-neutron reflector is adjusted so that
the fast and intermediate neutrons returning to the core from the aluminum
reflector and graphite are worth approximately 103 to the core critical
mass. Displacement of the aluminum reflector effectively reduces the
neutron reflection back to the core, yielding an external, large-effect control
mechanism adequately cooled by aluminum conduction and air convention.
The LAMPRE critical experiments have proved that aluminum-void
replacement mechanisms are effective and operable. The annular shim
has been shown to be almost ineffective at distances greater than 2 in.
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above or below the core height for the geometry. These results have been
incorporated into the LAMPRE design as presented in Fig. 25-5.
25-3.

LIQUID METAL-URANIUM OXIDE SLURRY REACTORS

There has been some work done at other locations on uranium oxide
slurry reactors. At Knolls Atomic Power Laborafory, a uranium oxidebismuth slurry reactor has been explored [4]. In this reactor, the fuel,
consisting of uranium oxide suspension and liquid bismuth, is pumped
through a moderator matrix and then through an external heat exchanger.
The reader will recognize that this is the same as the single-region LMFR
described in the preceding chapter.
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The studies at KAPL were encouraging. A small amount of experimental
work indicated that dispersions of uranium oxide and bismuth can be made.
These workers found that at 500 to 600°C titanium is the best additive for
promoting the wetting of U02 by bismuth. An 8 w/o U0 2-bismuth slurry
was actually pumped with an electromagnetic pump at 450°C.
At Argonne National Laboratory, uranium oxide-NaK slurries have been
studied as possible reactor fuels [5]. This fuel would be suitable for a
fast-breeder reactor. Investigations have been carried out at a maximum
concentration of 4.3 vol. % U0 2 in eutectic NaK. Two loops have been
operated at temperatures ranging from 450 to 600°C. A slurry with 4.3
vol. % actually has a very high weight percent, 36.0 w/ o.
The tests in the two loops indicated uniform suspension at flow rates of
2 fps.
The U02 dropped out of suspension at temperatures above 500°C but
would resuspend at lower temperatures. When a very small amount of
uranium metal was added to the slurry, better wetting of the particles
was obtained and no further settling above 500°C was observed.
Work on the uranium oxide slurries is continuing, and the incorporation
of these results into liquid metal fuel reactors can be expected.
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